












































































































































The ALS not.only offers unique brightness but also necessary support laboratories, and it is also close
to local research groups in both biology and technology, thus providing a fruitful environment for
successful collaborations.

3.6.3 Relationship to Other Synchrotron Radiation Facilities

X-ray microscopy depends on the quality of the light source. New generations of synchrotron radia-
tion facilities therefore drive new microscope developments. The group at the University of
Gotingen, which pioneered soft x-ray microscopy with synchrotron facilities and operates a micro-
scope at BESSY, is planning an x-ray microscopy facility at BESSY II, which is a third-generation
machine very similar to the ALS. The microscope at BESSY II wilt use a beamline with a 4.1-cm-
period undulator. An improved conventional microscope with improved spatial resolution, short
exposure times, and improved spectral resolution is fully funded and under construction. A scanning
microscope is in the planning stages.

Soft x-ray scanning x-ray microscopy was pioneered by the State University of New York ar Stony
Brook at the NSLS, a second-generation machine. Harder x-ray facilities are located at the APS and
the European Synchrotron Radiation Facility (ESRF).

3.7 Recommendations

3.7.1 Fully Support Present Activities in Biological Soft X-Ray Microscopy at the ALS

Biological microscopy research at the ALS presently uses the bend-magnet based microscope XM-1.
This instrument should continue to be used for biological research. We emphasize that the newly
developed techniques for labeling, cryogenic sample preparations, and future plans for three-dimen-
sional imaging are expected to play an important role in biology.

3.7.2 Construct an Undulator-Based Microscopy Facility

The biclogical user community supports an undulator-based x-ray microscope facility. A collabora—
tion with other fields, {(environmental, materials, chemicalsciences) will be beneficial for biology.
Both scanning and conventional microscopes would be possible and serve complementary needs.
The scanning microscope should be built first to serve the complementary needs with the existing
microscope XM-1.

3.7.3 Collaboration with Other Light Sources

The ALS clearly is the premier facility for soft x-ray microscopy and therefore ideally suited for the
biological research described here. Other facilities either offer opportunities in the hard x-ray range
or have already developed specialized instruments that should be used in collaboration. The unique
resources for soft x rays at the ALS need to be utilized with care. Experiments that do not require the
ALS might be better done at other facilities.
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4. Biological and Chemical X-Ray Spectroscopy

Facilitator: Stephen Cramer, University of California, Davis

Working-group members: Uwe Bergmann, Lawrence Berkeley National Laboratory; Heinz Frei, Lawrence
Berkeley National Laboratory; Melissa Grush, University of Tennessee; Keith Hodgson, Stanford Univer-
sity; Brian Kincaid, Lawrence Berkeley National Laboratory; Melvin Klein, Lawrence Berkeley Nacional
Laboratory; James Penner-Hahn, University of Michigan; Charles Tarrio, National Institute of Standards
and Technology; Vittal Yachandra, Lawrence Berkeley Nattonal Laboratory.

4.1 Introduction

The bioinorganic-chemistry community was among the first to adopt synchrotron-based extended
x-ray absorption fine-structure spectroscopy (EXAFS) as a routine structural tool. The X-Ray Spec-
troscopy sub-group discussed the important currenc issues for biological and inorganic chemistry and
tried 1o define the important science in these areas that can be addressed by x-ray spectroscopy.

Some of the questions discussed by our group included:

* What are the important research areas (now and in the future) in biological and inorganic chemis-
try that can be addressed by x-ray spectroscopy?
* In what areas should national resources for x-ray spectroscopy be developed?
» What x-ray spectroscopy capabilidies are best developed at the ALS?
~ « What is the expected impact on chemistry and for society?

4.2 important Research Areas

Metals are imporrant in biology both for their beneficial role in enzyme active sites and structure and
for the negative effects of enzyme inhibition or distuption by heavy metals or normally benign
metals ar unhealthy concentrations. Metalloenzymes play important environmental roles as pivotal
agents in the nitrogen, sulfur and carbon cycles, and in the production and consumption of green-
house gases, such as methane. It is also worth noting that enzymes are a billion-dollar business in the
United States alone. Thus, in the three critical areas of (1) human health, (2) environmental impact,
and (3) commercial potential, a better understanding of enzymes and related model chemistry could
have profound impact. X-ray spectroscopy is an important tool for expanding our knowledge be-
cause it can answer the following important questions:

4.2.1 What Are the Molecular, Electronic, and Magnetic Structures of Enzyme
Active Sites?

A good example of this kind of problem is the oxygen-evolving complex of photosystem II. Based on
their EXAFS work and other information, Melvin Klein at LBNL and co-workers have proposed a
model for the strucrure of this complex (see Figure 7). K-edge EXAES is valuable for defining the
metal-neighbor distances. Investigating the fine structure in the chlorine and manganese K-edge
region (NEXAFS) can yield important information about the electronic structure of this complex.
Many new experiments such as EXAFS ar the manganese L edge and x-ray magnetic circular dichro-
ism (XMCD) spectroscopy of manganese, have been planned for the elliptical-undulacor beamline at

the ALS.
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Figure 7. Proposed model for the managanese/calciumichlorine cluster in the evolution of photosynthetic oxygen.
[Figure adapted from Yachandra, DeRose, Latimey, Mubkerji, Sauer, and Klein, Science 260 (1993) 675.]

4.2.2 How Do the Concentration and Chemical Speciation of Elements Change
Across an Organism?

Living systems are not homogeneous, and the gradients of metals and other elements across an organism
reveal important information abour structure and function. A great deal has already been done by fluores--
cence microscopy—for example, many beautiful studies of calcium waves in different organisms. How-
ever, X-ray spectromicroscopy can discover information inaccessible by other means. For example, James
Penner-Hahn of the University of Michigan has used x-1ay absorption to study the distribution of zinc in.
sperm cells. He has seen clear gradients across the cells. Furthermore, the zine NEXAFS changes at
different locations, indicating a spatial variation in the different chemical forms of zinc.

4.2.3 How Does the Chemical Speciation of Elements Change Over Time?

The time dependence of chemical species in an organism is just as important as the spatial variation.
X-ray spectroscopy can provide valuable information about species that difficult to observe by other
spectroscopies. For example, Klein and coworkers have used sulfur K-edge spectroscopy to monitor
changes in the mix of reduced and oxidized sulfur species in the blood before and after drug adminis-
tration. There are many situations in microbiology where one would like to follow the change in
metal speciation after induction of specific enzymes—for example, the change in molybdenum
chemistry after induction of the genes for nitrogen fixation.

4.3 Needed National Resources for X-Ray Spectroscopy

4.3.1 Detectors

On one point the sub-group was unanimous—spectroscopy at the moment is just as fimited by detectors as
it is by beamlines. New detectors need to be developed thac are faster and that have higher energy resolu-
tion. Since they will be shared by many users, the detectors also need to be “robust” and “supportable.”

4.3.2 High Energy Resolution

There are surprisingly few high-resolution and high—ﬂ.ux beam lines in the country. The best examples are
probably Beamlines X-25 and X-27 at NSLS. Many of the beamlines ar SSRI are high-flux, but their

Biosciences 197



reschution is degraded by the pre-crystal focusing optics. For spectroscopic applications, such as NEXAFS,
resonance fluorescence, and x-ray Raman spectroscopy, better energy resolution is important.

4.3.3 The 2-keV to 3-keV Region

Another important area that is poorly served at the moment is the 2-keV 10 3-keV region, which
contains important edges such as the sulfur and chlorine K edges and molybdenum L edges. An ALS
beamline should be designed to maximize flux in this region.

4.3.4 A Spectromicroscopy Capability

Although the ALS is pushing the state of the art in soft x-ray microscopy, there are many important
hard x-ray experiments where micron-scale resolution would be useful. A beamline capable of mod-
erate resolution spectromicroscopy should be developed.

4.3.5 A Time-Resolved Capability

The ALS should help develop a time-resolved x-ray absorption capability on the millisecond-to-
seconds scale. Many biological processes occur on this time scale, and making rapid x-ray absorption
routinely available to users would lower the barriers to this kind of work.

4.3.6 Newer Spectroscopies

High resolution x-ray fluorescence and inelastic scattering look promising for site-selective x-ray
absorption and better understanding of electronic structure. Secondary monochromators should be
available to general users on a beamline to make these experiments possible.

4.3.7 User [ssues

There are also many user-related issues that would make the ALS a more productive place for x-ray
spectroscopy. Our group noted that other facilities such as ESRE, NSLS, and SSRL provide some of
the following:

* Detectors and chambers for spectroscopy users.

* Support staff for spectroscopy science.

* Support for spectroscopy software.

* Support for spectroscopy detector development.

* ESRF and NSLS have mail-order XAFS; SSRL has rapid-turnaround service.

The ALS should consider whether it can do in the soft x-ray region whar these facilities do for hard
X-ray users.

4.4 Summary of Conclusions
The elliptical undulator bearnline should be completed as quickly as possible.

There is 2 strong need for a high resolution hard x-ray beam line at the ALS to cover the 2 keV to
10 keV region.

Better detecrors are needed to take full advantage of both of these beamlines.

Although they are not at the frontiers of technology, x-ray spectromicroscopy on the 1-lm scale and
kinetics on the millisecond scale would make very practical contributions to biological spectroscopy.

198 . Biosciences




Working Group on Atomic,
Molecular, and Optical Physics

Chair:; Chris Greene, University of Colorado

Facilitator: Nora Berrah, Western Michigan University

Working-group members: John Bozek, Lawrence Berkeley National Laboratory; Harald Braeuning,
Lawrence Berkeley National Laboratory; Ivan Dominguez, Lawrence Berkeley National Laboratory;
Harvey Gould, Lawrence Berkeley Nadional Laboratory; Kerstin Gunaelin, Uppsala University
(Sweden); David Hansen, University of Nevada Las Vegas; Philip Heimann, Lawrence Berkeley
National Laborarory; Oliver Hemmers, University of Nevada Las Vegas; Duane Jaecks, University of
Nebraska; Peter Langhoff, Indiana University; Dennis Lindle, University of Nevada Las Vegas;
Michael Lubell, The American Physical Society; Dexter Massoletti, Lawrence Berkeley Narional
Laboratory; Hiroshi Nishimura, Lawrence Berkeley Narional Laboratory; Ron Phaneuf, University of
Nevada Reno; Maria Novella Piancastelli, IT University of Rome “Tor Vergata” (Italy); Stephen Prate,
Argonne National Laboratory; Michael Prior, Lawrence Berkeley National Laboratory; Jan-Erik
Rubensson, Uppsala University (Sweden); Fred Schlachter, Lawrence Berkeley National Laboratory;
Ross Schlueter, Lawrence Berkeley National Laboratery; Volker Schmidt, University of Freiburg
(Germany); Gyorgy Snell, Lawrence Berkeley National Laboratory; Bernd Sonntag, Universitit
Hamburg (Germany); Wayne Stolte, Lawrence Berkeley National Laboratory; Darrah Thomas,
Oregon State University; Honghong Wang, Lawrence Berkeley National Laboratory; Francois
Wauilleumier, Universiié Paris-Sud (France); Linda Young, Argonne National Laboratory.

1. Introduction

Third-generation synchrotron light sources have opened up research frontiers that may hold the
answers to fundamental questions about structure and dynamics in atomic, molecular, and optical
(AMO) physics. The advanced spectroscopies being developed at the Advanced Light Source (ALS)
give us the ability to control and probe atomic and moelecular processes with unprecedented preci-
sion. In particular, the spectral reselution, brightness, broad tunability, and polarization control
generate novel avenues for the study of tailored states, inner-shell processes, and nonperturbative
electron interacrions. Driven by the high brightness of the ALS, a whole new world of vacuum-
ultraviolet {(VUV) and soft x-ray physics is emerging through the development of combined tech-
niques to excite, select, and probe atoms, molecules, and clusters.
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Synchrotron-based AMQ physics has a long history of producing new advances in our understand-
ing of fundamental physical phenomena. For example, Madden and Codling, in their 1963 experi-
ments using VUV synchrotron radiation, discovered two new series of autoionizing resonances in
doubly excited heltum. The characterization of these resonances led theoreticians to develop a2 new
classification scheme for doubly excired states thar resulted in a new understanding of correlated
clectron motion. Some of the first experiments at the ALS produced much higher resolution spectra
of these same series; these new spectra appear to show signs of the elusive phenomenon of quantum
chaos. This work is an example of the surprises and new physics that will be uncovered by using the
unique capabilities at the ALS. These new capabilities have already resulted in significant advances
and tests of fundamental assumptions in double photoionization and few-body dynamics, in inner-
shell photoionization dynamics and sub-natural-linewidth spectroscopy, in doubly and triply excited
states, and in the site-specific excitation and characterization of chemical activity in molecules.

In short, AMO physics at the ALS is already a vibrant activity. In less than three years, AMO re-
search at the ALS has resulted in more than 60 refereed articles, including 12 Physical Review Letters
that illustrate the breadth and depth of this field. The initial productivity has been remarkable, since
it was demonstrated during a period when the relevant beamlines were first being commissioned and
sophisticated end stations were still under construction. This fast start reflects the excitement and
enthusiasm felt by AMO researchers who now see a wealth of new capabilities engendered by the
ALS itself and by state-of-the-art beamlines and detectors.

2. Outstanding Scientific Issues

The scientific motivations in AMO physics fall into two major categories. 'L he first involves the funda-
mental quest to understand basic phenomena in atomic and molecular systems in their own right. Many
of these phenomena remain beyond the realm thar can be successfully tackled by present-day theoretical
techniques. The second category of motivations concerns atomic, molecular, and optical phenomena that
impinge on other areas. Questions in sister fields of science often hinge on a determination of how an
atom or molecule will behave in a specific context, often one in which the system is excited to an energy
range well above that of typical electronic or chemical binding encrgies. In this second category, the main
goal of the research is to obtain relevant reaction rates or cross sections directly, or to provide critical
benchmarks to improve theoretical techniques to the point where cross sections can be caleulated to the
accuracy desired. In the following we discuss a number of scientific problems on the horizon in AMO
science that are driven by at least one of these underlying motivations.

The substantial improvements in sophisticated new spectroscopies, which have only now become
possible with the high brightness of the ALS, are already providing new challenges to existing theo-
retical methods. In some systems, for instance, existing theoretical predictions of three-particle break-
up cross sections differ by a factor of two or more. The new high-resolution, multicoincidence
experiments that can be performed at the ALS allow the essential components of complex processes
to be isolated, which both simplifies and clarifies the comparison with theory. Propensities for final-
state energy and momentum sharing can now be explored and unraveled for complex systems. The
multidimensionality of the experimental observations also suggests the need to develop new visual-
ization methods for the display and comprehension of complex data sets. New experimental results

_from the ALS not only provide an important touchstone for such developments but literally drive
them. In the following discussions, we present a set of scientific problems whose solutions require the
use of state-of-the-art techniques in conjunction with the characreristics of the ALS.
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2.1. Photon-lon Interactions

2.1.1 Positive lons

More than 99.9% of the matter in the solar system exists in an ionized plasma state. Knowledge of
the structure and interactions of ions therefore has both fundamental and practical importance.
Because ionization by photons plays a key role in many astrophysical and laboratory plasma environ-
ments, accurate VUV and x-ray opacitics are critically needed as input data for the plasma modeling.
Quantitative studies of ionic photoexcitation and photoionization also serve to test and advance
theoretical descriptions of atomic structure, including multichannel resonance phenomena and post-
collision interactions. Studies of ions can be conveniently systematized along isoelectronic or
isonuclear sequences. Such systematic studies can be used to highlight specific aspects of ionic
structure and interaction. For example, as one moves from lighter systems where electron interactions
dominate to heavier systems where relativistic effects are more important, the evolution of certain
effects as a function of the ionic charge reveals regularities that are often difficult to spot in the
spectrum of a single atom or ion. The most definitive tests of quantum electrodynamics (QED)
involve transition energies in multiply ionized atomic systems. In addition, photoionization of
transition-metal ions is expected to display large qualitative differences from the alkaline-earth
atoms, based on hints from measurements with second-generation sources. Measurements of the
ratio of multiple- and single-ionization cross sections critically test our understanding of joint elec-
tron-electron motions, which are crucial for the very existence of negative ions.

Another type of experiment for molecular ions could measure the correlated center-of-mass motion
and energy sharing of the three massive particles H*, H", H* formed in the dissociation of a beam of
excited Hy* using triple-coincidence techniques. These types of correlation studies can be extended
to other massive three-body molecular systems, of course, and are not limited to final states where all
particles are charged.

2.1.2 Negative lons

Photoexcitation and photodetachment processes in negative ions stand out as an extremely sensitive
probe and theoretical testbed for the important effects of electron-electron interactions because of
the weak coupling berween the photons and the target electrons. Numerous studies of outer-shell
photodetachment have been conducted using lasers, but no experiment has ever been conducted on
inner shells of negative ions using synchrotron radiation because of the very low count rate associated
with these experiments. Negative ions present a severe theoretical challenge since the independent-
electron model is inadequate for even a qualitative description of their properties. In some instances,
the electron-correlation energy contribution to the electron affinity is as large or even larger than the
electron affinity itself. With the high flux and brightness of the ALS, detachment resonances associ-
ated with excited-state channels well above the first threshold can now be measured for key few-body
systems like H™, He™, and Li~.

A permanent multi-user end station is currently being developed by the HRAMO (high-resolution
atomic, molecular, and optical} group at the ALS to study photon-ion interactions at ALS Beamline
10.0.1, which is illuminated by a U10 undulator. This facility opens up new and exciting possibili-
ties for studying either negative or positive ions, including multiply charged ions and a variety of
triatomic systems. Three-body half collisions can be studied for a variety of prototypical systems as a
function of the energy above a dissociation-limit threshold, even (signal permitting) as a function of
the orientation of the initial molecular system relative to the polarization state of the initial photon.
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This end station, when coupled with the high flux of the ALS, will be the first facility in the world that

provides exciting opportunities for pioneering experiments with negative ions (including clusters).

2.2 Inner-Shell Spectroscopy of Atoms and Molecules

Recent improvements in synchrotron-radiation capabilities have generated exciting advances in
atomic and molecular core-hole spectroscopy. Excitation selectivity in energy, in momentum, and in
spin-polarization has opcned the door to a wealth of new information. The following examples
highlight some of the diverse possibilities of this broad scientific area.

2.2.1 Spin-Polarized Auger Spectroscopy

During the past two decades, spin polarization of valence photoelectrons excited by circularly polar-
ized light has been studied actively. Owing to the absence of any intense source for circularly polar-
ized VUV or x-ray radiation, the only inner-shell spin-polarized experiments conducted during the
past three years were for xenon using the European Synchrotron Radiation Facility (ESRF), the
third-generation source in Grenoble, France. When highly differential detection methods are coupled
with circularly polarized light from the ALS, the spin-polarization of atomic or molecular Auger
electrons in atoms and molecules makes it possible to track down the radiationless decay mechanisms
of an inner-shell excitation. In some cases, this spectroscopic method can track the apportionment of
both angular momentum and energy among photofragments. Such experiments test the importance
of relativistic effects in the atomic or molecular structure, as well as in the photoejection process
itself. They also permit a test of models of the angular-momentum coupling for states with two
holes. When this experimental too] is applied to transition-mertal elements, it can provide an atomic
view of properties typically studied in condensed-matter experiments. This can help discern which
features observed in condensed-phase experiments are already present in the gas phase; this informa-
tion could be crucial as physicists attempt to understand surface magnetism, for instance.

2.2.2 Molecular “Structure-Reactivity” Relationships: High-Resolution Core-Level
Electron Spectroscopy

Prediction of the chemical properties of molecular systems remains a “holy grail” of chemical physics.
Recent advances at the ALS have brought us rantalizingly close to achieving this goal of inferring
chemical properties (including reactivity) from high-resolution photoelectron spectroscopy. Inner-
shell photoelectron spectroscopy of 2 molecule probes the ability of a molecule to accept charge at a
selected atomic site within that molecule. The shifts in the binding energies of atomic core electrons
in different molecular environments, as observed in photoelectron spectra, relate quite directly to
properties that control fundamental chemical phenomena, such as acidity, basicity, rates of chemical
reactions, and the relative strength of different competing chemical- reaction channels. Studies using
high-resolution electron spectroscopy have literally generated a demonstrably deeper understanding
of these phenomena. The capabilities of the ALS permit us to explore all implications of this link
between spectroscopy and chemical behavior, in previously unimaginable detail.

Broad application of inner-shell electron spectroscopy to extract chemical insights has been frustrated
by the fact that much interesting chemistry involves carbon atoms with very different chemical
properties but similar ionization energies. An examples is propyne (CH,CCH) in which the range of
carbon-1s ionization energies spans less than 2 eV; but remarkably, the reactivities of the three
carbon atoms in this molecule differ significantly. Recent experiments at the MAX Lab at the
University of Lund in Sweden and the ALS have made a major contribution that was hitherto
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impossible: one can now resolve the different roles of the three inequivalent carbons as can be seen in
Figure 1 (data taken at the ALS). Analysis of the measured ionization energies has generated a new
view of the factors affecting chemical reactivity. A number of further investigations are expected to
deeply affect our views of chemical processes at a fundamental level, with many conceivable applica-
tions. The ALS with its brightness and resolution in the low-photon-energy range, is presently, the
only light source in the world where these experiments can be performed.

2.2.3 lon- and Electron-Imaging Spectroscopies

Understanding the multibody breakup of a many-component atomic or molecular system when
energy and momentum is imparted to the system by a single photon is one of the most basic prob-
lems in atomic-collision physics and chemical dynamics. The forces involved are well known, but the
manner in which components react to these forces remains inadequately understood. Cold-targer
recoil-ion momentum spectroscopy (COLTRIMS) unravels the dynamics of a multiparticle ioniza-
tion and/or dissociation process stimulated by photoionization of an atom or molecule. This method
at the ALS has made it practical to construct 2 comprehensive map of the entire correlated final-
momentum space without having to choose # priori particular angles or energies of one or more of
the particles. The data can of course be presented in any appropriate set of coordinates {¢.g., Jacobi
or hyperspherical coordinates) that help to emphasize the key interactions or collective motions of
components in the system. Finally, advances in visual presentation of the data immediately invite the
identification of dominant ionization and dissociation mechanisms. The photon energies required
are those that couple o the electronic motion of the target, precisely the UV and soft x-ray regions
for which the ALS is optimized. The intensity of the ALS is critical for a successful measurement of
these comparatively weak fragmentation channels. Moreover, the momentum resolution of the
COLTRIMS imaging technique relies on the small spot sizes permitted by the high brightness of this
third-generation light source.
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Figure 1. The carbon-Is photoelectron spectrum of propyne, CH,CCH,
wmeasured using 330-cV photons from the Atomic, Molecular, and Optical
Physics Beamiine (undulator Beamline 9.0.1) at the ALS. Contributions
Jram the three chemically inequivalent carbons in the molecule are well
reselved and indicated on the figure. The ability to selectively probe
individual carbon atoms within a molecule will lead to a greater under-
standing of chemical reactivities at the most fundamenral level. [Figure
courtesy of D. Thomas, Oregon State University, ex al ]
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Similar imaging techniques used for the energy- and angle-resolved study of photofragmentation of
large molecules have provided dynamical information about the fragmentation process, such as
bond-specific dissociation. These types of multi-differential studies, limited at second-generation
facilities, can provide informarion on photochemistry induced by inner-shell ionization and muld-
charged ion potentials when used at bright sources like the ALS.

2.2.4 Structure and Dynamics of Atoms and Molecules

2.2.4.7 Auger Resonant-Raman Spectroscopy

Understanding Auger decay processes induced by removal of an inner-shell electron in an atom or a
molecule is a fundamental scientific issue. The challenge arises because it is generally impossible to
resolve all Auger transitions, regardless of experimental resolving power, especially in molecules where
vibrational and rotational substrucrure add complexiry. This limitation derives from the fact thar
natural line widths associated with inner-shell ionization processes can be greater than the separation
of subsequent Auger transitions, making them unobservable directly. However, the use of a narrow-
bandwidth photon source, such as the ALS, in conjunction with a high-resolution electron-energy
analyzer allows this limitation to be bypassed through Auger resonant-Raman measurements (dis-
crete excitation of an inner-shell electron to a specific excited srate}. In this case, the natural width of
the core-excited state does not determine the width of the Auger electron lines; it is controlled by the
natural width of the final state alone. Since this can be negligible compared to the width associated
with the core hole, Auger resonant-Raman spectroscopy {ARRS) measurements are essentially
limited only by experimental factors (photon- and electron-energy resolutions). These types of
measurements are thus perfectly matched for the high resolution achievable at the ALS and produce
a clearer picture of inner-shell processes with a new Jevel of detail.

For example, the vibrational progressions for molecular Auger decay can be completely resolved and
mapped with unprecedented accuracy as can be seen in Figure 2 in the case of the Is excitation of
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Figure 2. Decay spectra of the carbon 1s = ®* resonance in the CO molecule. A shows
spectra vecently measured at the ALS. B shows calculated spectra convoluted to match the
spectra measured at the National Synchrotron Light Source (NSLS). {Figure A taken
from M.N. Piancastelli er al., }. Phys. B 30 (1997) 5677; Figure B courtesy of E. Kukk
and N. Berrah, Western Mickhigan University, and . Bozek, LBNI.}
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CO to the molecular ®* orbital {measured recently at the ALS). These results are used to derive
accurate shapes for the potential-energy curves. When coupled with imaging measurements, ARRS
becomes an excellent tool for studying molecular photodissociation and other dynamic processes
where the time scale of the nuclear motion is comparable with the lifetime of the core hole, in
addition o discrete excitation to Rydberg series and post-collision interaction effects. It is also
possible to adjust this tool by detuning the exciting photon energy from nominal resonance energy,
thus decreasing the average decay time of the core-excited state. This experimental method that takes
full advantage of high-resolution undulator beamlines of the ALS has the potential to allow the
observation of new structure thar could be associated with new physics.

2.2.4.2 Soft X-Ray Emission Spectroscopy

Pioneering work at second-generation light sources demonstrated that soft x-ray emission from gas-
phase molecules following selective excitation probes their electronic structure and their nuclear
geometry sensitively. The difference between selection rules for photon-in/photon-out spectroscopy
‘and photoemission suggests that the two-photon experiments probe electronic structure in a manner
complementary to electron spectroscopy. The angular-momentum character of molecular states, for
instance, can be easier to discern from soft x-ray emission. In addition, the advantages of sub-natu-
ral-linewidth resonant-Raman studies presented above apply equally well to resonant photon emis-
sion (resonant inelastic scattering), as has been demonstrated in initial work at the ALS.

Extension to larger molecules, perhaps of biological, chemical synthetic, or pharmacological impor-
tance, could be feasible in some cases. The high penetrability of soft x rays in low-Z substances like
air and water raises the possibility that species can be studied in realistic {(“dirty”) environments.
Beyond the immediate AMO scientific interest in sorting out intermolecular interactions in real
systems, such studies additionally provide a deeper understanding of soft x-ray emission as a probe.
This line of research thereby helps to improve the applicability of this diagnostic to other fields like
molecular environmental science and catalysis.

2.2.5 Probing the Limits of Fundamental Approximations in Photoionization

Some of the standard approximations typically adopted for theoretical calculations of atomic and molecu-
lar photoprocesses are known to have limitations that require caution. The high flux and brightness
available at the ALS permit new tests of these limitations. The most common assumption is the indepen-
dent-particle approximation {(IPA}, a picture that neglects electron-electron correlations. While some
spectacular failures of the IPA are well-documented in low-energy valence-shell photophysics, the IPA has
often been taken for granted in the soft x-ray region, far from all thresholds. The XAMS (x-ray atomic and
molecular science) group at the ALS has proven this notion incorrect for ejection of an electron from a
non-S-subshell at high energies, which serves as an important waraing to theorists.

Also commonly used in photoelectron spectroscopy is the dipole approximation, in which the scalar
product of the light wavevector with the electron-position vector is assumed to be much less than
unity; equivalently, the relevant electron-nucleus distances are assumed to be far smaller than the
wavelength of the ionizing radiation. Measurements of soft x-ray atomic photoemission conducted at
the ALS exhibit significant nondipole effects in the electron angular distribution. Even more striking
and surprising, results have been observed for molecular species. The limitations of these standard
“textbook” approximations deserve further study te delimit the extent of their failures.
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2.3 Strongly Correlated Systems

Modern theoretical quandaries in atomic, molecular, and optical physics revolve around systems for
which the independent-electron approximation fails qualitatively. In this sense, AMO theory faces
many of the same difficulties as other fields, such as high-T _superconductivity. Even such seemingly
simple processes as two-electron photoionization of the lightest atomic species {He, H7), using VUV
photons, have proven to be a formidable challenge, owing to our limited understanding of the three-
body continuum states of three charged particles. The “accepted value,” as recently as five years ago,
of the peak double-photoionization cross section for helium turned our to overestimate the correct
result by more than 25%. A rich variety of two-electron excited-state resonances also exist in helium,
in which the electrons move jointly as a correlated pair. The high intensity of the ALS in the VUV
and soft x-ray ranges, combined with a detection technique that measures the three-dimensional
momentum vectors of all particles after double photoionization, has recently allowed advances in the
understanding of the dynamics of this few-body breakup. - '

An intellectual challenge that remains to be understood for helium is: “Where is the chaos?” The classical
dynamics of the helium electrons is chaotic at all energies, yet the low-lying bound and doubly excited
autoionizing states exhibit striking regularities that have been the subject of intense study and interpreta-
tion dating back to the 1960s. Recent theories have suggested that regimes should exist closer to the
double-ionization threshold in which so many resonances overlap that a new spectral regime of “quantum
chaos” should emerge. To test these ideas in helium (or the isoelectronic species H™ or Li*), i.e., to map
out the chaos while searching for simplicity and regularity in the spectrum as well, will require the ex-
tremely high resolution and brightness of a third-generation source like the ALS. (Note that extensive
laser-based experiments have been carried out for other “rwo-electron systems,” such as barium, but the
breaking of the O(4) symmetry in any nonhydrogenic jonic core changes the problem fundamentally, as
compared to true two-electron species.)

Another challenge to be overcome for few-body systems is the interpretation of the rich multichannel
spectroscopy of triply excited hollow atoms, of which lithium is the prototype. The high spectral
resolution achieved at the undulator beamlines of the ALS sparked a very recent breakthrough in
which several new hollow states of atomic lithium were measured. These data provided a much-
needed confirmation of recent improvements in theoretical methods, as shown in Figure 3. These
systems critically challenge theory, which ultimately leads to their quantitative improvement and
hones our qualitative understanding. Many intricacies remain to be measured and interpreted.

Progress in these areas is contingent on close cooperation between theory and experiment. The
bottom line is that, despite the rapid progress in theory during the past decade, the description of
triply and doubly excited states in all light atoms {and negative ions} of the periodic table remains far
from routine. Only for energles near the lowest ionization thresholds can the theory be viewed as
being basically under control. Experiments at the ALS are perfectly poised to contribute to the
improvement of some of the key remaining gaps in theoretical descriptions.

The areas just mentioned relate to problems where our fundamental understanding of the basic
processes is still unsatisfactory. Consumers of atomic data (e.g., the plasma modelers) bring a differ-
ent perspective to these matters, owing to the great number of cross sections needed, which makes it
impossible to rely entirely on experiments for every number. Theory must ultimately provide this
data, yet, as discussed above, there remains a need for benchmark tests that are sufficiently broad in
number and variety to ensure that reliable theorerical methods exist to describe the broad array of
photoprocesses thar exist in the periodic table.
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Figure 3. High-resolution spectra over the excitation-energy range
of the [(2:2p 3P)nusp 2P Rydberg series. The upper panel shows the
meastired values of partial cross sections for phototonization of
Is22¢ 28 [ithium atoms into 1525 38 (lower curve, right scale) Li*
ionic states. The lower panel shows the results of convoluted R-
matrix calrulntions for the same partial cross sections as in the
upper panel. [Figure conriesy of Frangots Wuillewumier and Denis
Cubaynes, Untversité de Paris-Sud ]

2.4 Photofragmentation Control: Tailored Excitation and Detection
of Atomic and Molecular Systems

A long-standing goal in AMO physics is to achieve maximal control of processes all the way down to
the molecular and even atomic levels. The areas described below are directed, in the long run, toward
achieving this control and toward extracting the deeper understanding of complicared processes that

must be achieved before such control will be feasible.

2.4.1 Laser-Tailored Initial States

The high brightness of the ALS significantly enhances our ability to perform a broad class of experi-
ments in which either the sample or the photofragment detection is tailored in 2 specific manner.
One example is the use of a laser to prepare an oriented or aligned atom by laser-optical pumping,
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after which a synchrotron photon ionizes an inner shell of the atom. For example, recent measure-
ments of dichroism in transition-meral atoms have dramatized the inadequacy of the independent-
particle model, which is commonly used in condensed-matter calculations, in situations where the
core level is split by an effective spin field. Gas-phase atomic studies have demonstrated a strong
interaction between the 3p hole and the 3d electrons, which was neglected in past theoretical work.
Such studies can pinpoint the role of intra-atomic interactions in spectra of metal surfaces and thin
metal films, thereby providing insight into magnetic materials and thin films. The AMO community
contributes to our understanding of these problems by disentangling the role of intra-atomic and
inter-atomic interactions. '

A different use of laser-prepared initial states is exemplified by the planned improvement in resolu-
tion through the optical pumping of trapped atoms, which will give a far better measurement of
lithium double photoionization, for example. Owing to the tenuous nature of the targets, however, it
may be necessary to wait for the arrival of free-electron lasers (FELs) to carry out these experiments.

Although it has not yet been achieved, the prospect of coupling infrared (IR) lasers and synchrotron
radiation to study inner-shell excitation of vibrationally excited molecules is extremely appealing. For
example, an experiment of this type could be used to probe the dependence of inner-shell processes
on the internuclear distance, which translates directly into new insights that bear on the nature of
chemical bonding and electron correlation. Another challenge for theory occurs when a molecular
target is prepared in a very high vibrational state near the dissociation limit and then photoionized. A
key benefit of such experiments is the information they reveal concerning poorly mapped parts of the
potential-surface manifolds far away from the ground-state Franck-Condon zone. The simple combi-
nation of a cw Jaser with a synchrotron source permits the phowionization of an electronically
excited atom, which exhibits rich and informative spectral dynamics that usually differ qualicadively
from ground-state photoionization. Early experiments of this type were performed with second
generation sources and, in the case of hollow atomic lithium, were improved in a clear and qualita-
tive manner when reexamined recently at the ALS.

This work lays the foundation for future studies in which laser excitartion is used to tailor the atomic
ot molecular configuration in order to enhance a particular interaction or decay process that is
subsequently probed by inner-shell excitation. An immediate extension of these techniques, a pulsed
laser thar is synchronized with electron bunches (of 40-ps bunch length) in the ALS storage ring
opens the possibility of a new class of experiments. In these, the laser labels the species of interest and
the synchrotron is used to probe it. Such double-resonance experiments can selectively study a minor
component {e.g., a free radical, ion, or size-selected cluster) of a complex mixture, a common desire
for many types of samples.

2.4.2 Molecular Studies with Lasers and Synchrotron Radiation: Multicolor
Experiments

Although multiphoton spectroscopic techniques are widely used in laboratory laser experiments, the
combinarion with synchrotron radiation brings a new perspective. For example, molecular photon-
induced dissociation by two-color experiments (combination of infrared, visible, ultraviolet or soft
x-ray photons) can be achieved in a variety of “pump-probe” arrangement where one photon either
photodissociates or photoexcites the molecule, while the second photon photoionizes or photoexcites
the fragments or the excited rarget molecule. In addition, pulsed photon sources combined with an
appropriate pulsed laser can be employed in time-resolved experiments. Since second-generation
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synchrotron-radiation sources could only achieve limited spectral resolution and focusing capabili-
ties, third-gencration sources like the ALS will permir significant improvements in several areas, as
long as the storage ring operates in few-bunch mode to allow 2 large dynamical range for the pump-
probe delay time.

Photodissociation experiments using double-resonance or pump-probe techniques generally fall into
one of two different categories. In the first, molecular photodissociation of suitable precursor mol-
ecules is used to provide a clean and efficient source of free radicals (species with unpaired electrons),
which can then be characterized by using the full range of VUV and soft x-ray techniques. In this
case, the laser is used for the photodissociation step and the synchrotron radiation is used as the
probe. In the second caregory, the photodissociation process is itself the object of study, and the
product yields, angular distributions, velocity distributions, etc. are determined as a function of the
photodissociation wavelength. In some instances, photoionization mass spectrometry using the
synchrotron will be used as a universal detector of the products of photodissociation dynamics
initiated by the laser. This scheme will be particularly useful for the detection of radical fragments
that are not well characterized spectroscopically. In other instances, laser-based techniques will be
used to probe the molecular explosion that often follows inner-shell ionization with the VUV or soft
x rays from the synchrotron. Extraction of the dynamical information from this process requires
knowledge of the energy content and distribution {electronic, vibrational, and rotational) among the
fragments. The large number of competing dissociation channels forces the use of a highly sclective
and sensitive probe like laser-induced fluorescence. The three-body dissociation of valence-excited
molecules poses extraordinary challenges as well, because the dissociation could proceed through a
cascade of two-body dissociations or through a concerted three-body process. Analogously, molecular
ions (singly or-doubly charged) produced by autoionization exhibit peculiar fragmentation signa-
tures, caused in some cases by atomic scrambling (bond breakage and new bond formation).

For time-resolved experiments, synchronization of the two sources is necessary whenever the lifetime of
the excited species is less than the temporal separation of the light pulses. High-repetition-rate Q-switched,
mode-locked dye lasers are the most suitable. A free-electron laser built in a straight section of 2 third-
generation storage ring can provide tunable light from the IR to the UV, and by harmonic generation to
the VUV, with a high peak power thar is naturally synchronized with synchrotron radiation produced by
the same machine. Some of the scientific questions that can be addressed relate to “chemistry in the time
domain,” a topic discussed in the report of the Working Group on Chemical Dynamics.

2.4.3 Propensities for Final-State-En\ergy and Angular-Momentum Sharing

A fundamental scientific issue having broad interest and significance is the description of how the

~ conserved quantities of energy, angular momentum, and linear momentum are dynamically shared
and partitioned among constituent particles in an isolated-multiparticle atomic or molecular system.
The quantification of this sharing and partitioning belps to unravel the nature of final-state interac-
tions. These interactions control the extent to which the quantum states of two particles are coupled
inseparably; such coupling is frequently denoted generically as a “correlation effect.” In addition 1o
their intrinsic interest as fundamental dynamic processes at the quantum level, the understanding of
such correlations is also important in a broad sense because they arise in any quantum-mechanical
system having nonseparable degrees of freedom. Such systems can involve so many fragmentation
channels that they appear to be theoretically intractable at first sight. This makes the search for
propensities and trends for the dominant pathways even more important than in systems that can be
treated by ab-initio theory with a high probability of success.
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As one example, measurements of high-resolution photoelectron spectra and/or photoelectron
angular distributions directly provide the predominant resonance-decay pathways. In favorable cases,
experiments of this type yield state-to-state propensity rules for the electron-ion collision (or half-
colliston) process; they can also identify the mechanisms that control the allotment of energy and
angular momentum among the myriad photofragment degrees of freedom. In some cases, this
information even bears on a question of longstanding chemical importance: how the motion of light
electrons can influence the behavior of heavy nuclei. Measurements of anisotropic observables also
test theoretical approximation schemes far more critically than studies of total cross sections.

Next on the scale of increasing complexity are circular-dichroism and optical-activity effects in molecular
photoionization, which have received little atrention and remains poorly understood. Circular dichrotsm
in photoionization has not been observed for molecular rargets, although it has received some theoretical
attention dating back to the early 1980s. Parcicularly for chiral molecules, where orientation of the target is
not required, such effects have potential importance for biological problems, e.g., the origins of biological
homochirality, as well as for the basic physics of photoionization. The phototonization dynamics can be
addressed with unprecedented detail if the photoelectrons are also spin-analyzed.

Despite the common conception, atoms and atomic ions are typically zot spherically symmetrical.
The anisotropy of ionic photofragments can now be explored in complex spectral regions character-
ized by rich resonance physics. Recent measurements at the ALS of interactions between an’
auroionizing #zs Rydberg electron and an excited Ar* photofragment press theory to its current limics,
while still showing signs of tantalizing simplicicy in some regards. In the future, experiments with
circularly polarized light will permit a more complete determination of the angular-momentum
distribution in the ionic fragment. If a photoelectron is also detected ar a specific ejection angle in
coincidence with a fluorescence photon, probability amplitudes of the photoclectron emerge, as well.

2.5 Free Clusters: Site-Specific Inner-Shell Excitation

The domain of free clusters covers aggregates of atoms or molecules in numbers that vary from
several to several thousand. One goal is to ascertain how the condensed-matter properties emerge as
the number of atoms or molecules increases. Another aim is to search for specific properties of these
mesoscopic objects that could be importanc in related fields, such as new molecules like the
fullerenes, nanostructured materials, and specific chemical reactivities.

Pressing technological questions that can be addressed through the study of clusters include the ever-
present demand o miniaturize microelectronic circuits, which necessitates a thorough understanding
of cluster properties. Metal pads used to join layers of semiconductors are shrinking to the size where
only a few thousand atoms.of the metal are used. In this regime the metal behaves more like a cluster
than a bulk metal. The formation of clusters in deposition processes also requires deeper understand-
ing at the fundamental level in order to prevent contamination of the surface by large clusters, which
can cause a device to fail. Two main directions are to be distinguished, one concerning atomic
clusters, particularly merallic clusters, and the other concerning molecular clusters. '

2.5.1 Atomic Clusters

Even the most refractory materials can now be produced in a very large range of sizes. In divalent
metals, for example, it has been possible to observe the transition from an insulator to a metallic
structure in which electrons are delocalized and described with a nascent band structure. Collective
excitattons are signalled by the presence of giant resonances. Photoionization studies (including
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partial ion vields, photoelectron spectroscopy, or fragmentation) are fruitful in either the valence or
core-level regions. The challenge is to perform such measurements for one size population of free
clusters and track one property as a function of size. The low density of single-size-particles, probably
in the 107/cm?> range, requires an extremely bright and intense photon source like an ALS undulator.
Extended x-ray absorption fine structure spectroscopy (EXAFS) is an ideal tool to extract bond
distances in amorphous species or nanocrystals.

2.5.2 Molecular Clusters

Homogenous or heterogeneous molecular clusters can mimic a microsolution. Detailed studies help to
sort out the extent to which solvation affects the properties of a molecule. One intriguing area is the
investigation of geometrical structure of positively or negatively charged clusters above a certain critical
size. One problem that complicates the analysis is the coexistence of isomers in the cluster source. Ulti-
mately, double-resonance experiments in which a mass-selected cluster is first labeled, then probed, will
eliminate this difficulty. High-resolution pulsed-field-ionizarion zero-: kinetic—energy (ZEKE) spectroscopy
can also help to reduce this complexity. Finally, EXAFS near selected core levels is also attractive and, in
hlghly-focused conditions, is the ideal 100l to solve such problems.

3. Importance of VUV and Soft X Rays and the Role of the ALS

3.1 Why a VUV/Soft X-Ray Source Is Important for the Proposed Areas of
Study

The scientific issues identified in this report require energy in the range for which the ALS is optimized,
namely, the VUV and soft x-ray region. The broad and rapid tunability of the ALS in these photon-energy
regions enables systematic studies of sequences of atoms and molecules that are inaccessible to even state-
of-the-art laser systems. While such systematic studies have always been integral to AMO research, the
unprecedented brightness of the ALS combined with the state-of-the-art beamlines and detection methods
only now permits the study of large classes of highly rarified species, such as jons, open-shell atoms, and
free radicals, and provides a level of detail that was only imagined in the past. Examples of such systemaric
studies, discussed in the report, include (1) inner-shell excitation; (2) determination of accurate
photoabsorption and photoionization cross sections along isoelectronic sequences of atoms and multiply
charged ions; (3) use of site-specific, inner-shell excitarion to explore chemical seactivity in sequences
within different classes of funcrionalized molecules; and (4) triply differential studies of open-shell-ele-
ments where wavelength-dependent partial cross sections and angular distributions are measured simulca-
neously. We emphasize that the science is driving the selection of the light source for these experiments,
rather than the reverse. Essentially, there are no other methods thar are capable of achieving the scientific
goals described in Section 2 above. '

3.2 What Is the Role of the ALS?

Given the requirement of photons in the VUV/soft x-ray energy range, the question remains whether
the proposed scientific programs are contingent upon the advanced capabilities of the ALS. Our
answer is emphatically affirmative, as the technical case for this requirement is quite clear. Most of
the experiments require wltrahigh resolution, brightness (small spot size), and very high flux over a broad
photon-energy range. Only a source with the characteristics of the ALS is suitable for such studies. For
example, high-resolution inner-shell atomic and molectilar experiments usmg Auger resonant-Raman
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or x-ray emission spectroscopy benefit directly from the availability of bright, narrow-bandwidsh,
intense excitation. High-resolution spectrometers, coupled with high-resolution photons, open the
door to the investigation of the structure and dynamics of various atoms and molecules with high
and revealing precision. These characteristics are also ideal for studies of ionic photoexcitation and
photoionization. Although ion beams provide a sparse target for such studies, pioneering experi-
ments have been successfully conducted in Europe and Japan at second-generation synchrotron-
radiation facilities, demonstrating their viability and scientific potential. In general, however, these
experiments have been limited to species with enormous cross sections. The increased photon flux of
the ALS provides a unique opportunity to conduct such studies now with dramarically increased
precision, spectral resolution, and variety of ion targets. Such studies have never been attempted for
negative-ion targets, for example, and offer an exciting opportunity for pioneering experiments.

Another area for which the ALS is uniquely capable is in the area of spin-resolved experiments that
require intense circularly polarized light. This important resource will be provided by the elliptically
polarized undulator (EPU) beamline presently under construction.

3.3 What Tools Are Needed?

In order to measure atomic and molecular processes after photoionization, tools are required for
preparing atomic and molecular samples, including ions in specific states, for exciting them, and for
detecting the fragments. Two dedicared beamlines (a bend-magnet beamline and an undulator
beamline} are being used for AMO research in conjunction with several state-of-the-art end stations
that include an ion beamline for study of ion-photon interactions (in construction), high-resolution
electron spectrometers (time-of-flight spectrometers, hemispherical analyzers), fluorescence detectors,
ion detectors and provisions for a variety of coincidence techniques (e.g., photoelectron phetoion
coincidence (PEPICO), phoroion-photoion coincidence (PIPICO), and COLTRIMS).

Other tools are, however, needed in order to “prepare” and “control” atomic and molecular targets or
to otherwise extend experimental capabilities. These are:

(1) Mott-detectors for spin-polarized detection.
(2) Pulsed lasers to prepare targets and to synchronize them to the ALS for time-resolved studies.

(3) Extend the spectral range of the EPU beamline to cover low photon energies. The ALS manage-
ment has stopped the development of the second undulator (which would have provided low photon
energies) on the only elliptically polarized beamline of the ALS.

(4) A branch of an undulator beamline without a monochromator that is capable of running in a
“blowtorch mode” in order to provide ultimate intensity for a certain class of experiments that need
flux far more desperately than resolution. For example, all experiments thar require a high degree of
differentiation, such as angle- and/or spin-resolved measurements, electron-electron and electron-ion
coincidence measurements, and spectroscopy of polarized rargets, are in need of optimum high flux
because the count rates are extremely low.

(5) An undulator beamline that covers the oxygen and nitrogen edges with very high brightness and
resolution.

(6) Timing operation is absolutely necessary for several types of experimental techniques (time-of-
flight techniques). The ALS must be committed 1o serving the AMO community, which depends
upon thar mode of operation.
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(7) UV and IR free-electron lasers are the next-generation sources, and are particularly promising for
double-resonance experiments. The ALS management is encouraged to pursue that area of development.

4, Connections to Other Fields

AMO science has a strong track record as an enabling science for other disciplines. The benefits of
understanding the underlying atomic and molecular physics oceurring in photoexcitation and
photoionization have applications in several other ficlds, including biology, atmospheric physics,
astrochemistry, radiation damage of molecules, environmental science, lasers, astrophysics, fusion
plasma physics, material and surface sciences, and chemical manufacturing,

Studies of the properties of ions are nceded since the production and destruction of negative ions in
systems such as dilute plasmas appearing in the outer atmospheres of stars are strongly affected by the
characteristics of these ions. The proposed studies of highly charged ions are relevant to the develop-
ment of novel x-ray laser configurations whose lasing medium is a plasma. Information on ions is
also important for the low-energy plasmas used in materials processing, plasma etching, and other
industrial applications. Finally, the development of new experimental techniques could lead in the
longer term to the manufacture of novel detectors and electronics, as was the case in the past for
time-of-flight spectrometers and imaging techniques. '

VUV studies are also relevant to questions regarding global climate change. For example, the large-
scale industrial consumption of chlorofluorocarbons (CFCs) has attracted a lot of actention because
of their destructive effects on atmospheric ozone and global change. Since the Montreal Protocol a
decade ago, many industries are attempting to replace traditional CFC-based products (the so-called
Annex A and B controlled substances), including refrigerants, aerosol propellants, plasma etchants,
etc., with' more environment-friendly substitutes, which consist primarily of hydrochlorofluoro-
carbons (HCFCs), hydrofluorocarbons (HFCs), and their derivatives. The ALS has photon beams
well-suited to systematic studies examining the photoexcitation of a series of common substitutes,
including HCFCs and HFCs. Comprehensive photoabsorption and photofragmentation cross
sections are needed to detail the response of these molecules to photons in the VUV and soft-x-ray
regions. Characteristic photoion-photoion coincidence (PIPICO) spectra can not only map out the
dynamics of a dissociation process that follows photoexcitation, but it can also provide an element-
specific fingerprint of the target of interest by tuning the excitation photon energy to specific ioniza-
tion edges. This type of photodissociation informarion could be used ultimately to diagnose un-
known waste emission or for other smog analysis. '

In addition to potential practical relevance, photoabsorption and photofragmentation measurements
of HCFCs and HFCs can provide important insight to shape-resonance phenomena and non-
Franck-Condon behavior in relatively large molecules and can aid in critically evaluating photoion-
ization theories and electronic-structure calculations. Experiments feasible at the ALS offer the first
comprehensive research on photodissociation of these complex molecules, and they could impact
areas such as environmental research, radiation and space sciences, fusion research, aeronomy, and
astrophysics. '

Absorption spectroscopies using the ALS can provide element-specific and chemical-state-specific detec-
tion of trace contaminants in soils, groundwater, and biological materials. The spectroscopy methods can
be applied to understand radiation damage in complex biological molecules, since a therough understand-
ing can only be done through studies of the decay processes after photoionization.
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The development of high-resolution, sub-natural linewidth spectroscopies, such as resonant-Raman
and resonant-Raman Auger techniques, may ultimately have considerable utility in more applied
areas of VUV and soft x-ray physics. For example, traditional near-edge x-ray absorption fine struc-
ture (NEXAFS, also known as XANES) spectroscopy has commonly been used to determine the
oxidation state of selecred elements in environmental and biological samples. For many elements,
however, the NEXAFS spectra for different oxidation states are quite similar, and the analysis of
samples with mixed oxidation states can be extremely difficult. The increased spectral resolution
afforded by resonant-Raman and resonant-Raman Auger spectroscopy promises to improve and
simplify such analyses. Ultimately, the development of such new spectroscopies in AMQ physics is
expected to enable a broad range of new capabilities in the environmental and biological sciences.

5. Conclusions

First- and second-generation synchrotron-radiation sources have been pioneering tools for several
areas of atomic and molecular research. They generated new understanding and paved the way to
furure high-precision and highly differential investigations of the structure and dynamics of atoms
and molecules. This future has arrived. Synchrotron-based AMO physics research conducted with
the third-generation ALS has already provided a new understanding of basic photon-matter interac-
tions in a number of different systems. These synchrotron research projects provide broad training to
large numbers of undergraduate and graduate students, who contribute in turn to other research
fields and to industry. First and foremaost, however, an enthusiastic community of atomic, molecular,
and optical scientists is committed to advancing, with a sense of urgency, the exciting scientific
frontiers stimulated by the construction of the ALS.
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Working Grbup on Chemical Dynamics

Chair: Paul Houston, Cornell University

Facilitator: Arthur Suits, Lawrence Berkeley National Laboratory

Working-group members: William Jackson, University of California Davis; Carl Lineberger, Univer-
sity of Colorado; Irene Nenner, Centre d'Etudes de Saclay (France); Dan Neumark, University of
California Berkeley; Cheuk-Yiu Ng, Towa State University; Ralph Page, Lawrence Livermore Na-
tional Laboratory; Erwin Poliakoff, Lousiana State University.

1. Introduction

The field of chemical dynamics studies the elementary chemical reactions that underlie virtually all
macroscopic chemical systems. It is a strongly coupled experimental-theoretical effort thac can
provide a solid foundation for understanding the gas-phase chemical processes on which predictive
models of combustion and atmospheric chemistry must rely. The objective of this section is to
identify exciting opportunities for chemical dynamics and to investigate how the Advanced Light
Source (ALS) can help in achieving the scientific goals. Tremendous advances in the areas of lasers
and molecular beams have already made a substantial impact in this field, but the unique features of -
the ALS make it possible to solve a number of previously unreachable problems in the followmg key
areas:

* Combustion: Radical Chemistry and Dynamics.
* New Molecules.
* Atmospheric Chemistry and Global Change.
* Astrochemistry.
* Clusters/Interfacial Chemistry.
* Plasma Chemistry.
-» Chemistry in Real Time.
* Photoionization Dynamics of Complex Molecules.

The Chemical Dynamics Beamline (Beamline 9.0.2) at the ALS represents a unique facility, the first
in the world to combine dedicated, intense undulator radiation with state-of-the-art molecular-beam
machines for a broad range of studies of fundamental chemical processes. The beamline achieved full
operation in November 1995 with the installation and ¢ommissioning of the U10 undulacor, which
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is the world’s most intense source of continuously tunable vacuum-ultravielet (VUV} light. The scientific
promise afforded by the new Chemical IDynamics Beamline is now just beginning to be realized. A report
[“Application of Synchrotron Radiation in Chemical Dynamics,” I Heimann, M. Koike, A. H. Kung, C.
Y. Ng, M. G. White, and A. Wodtke, LBL-34131, May 1993] outlined the initiai goals of the program.
Many of the milestones mentioned in that report have been achieved as the scientific program has begun
in earnest and as outside users have come to Berkeley to take advantage of the facility. The end stations are
now fully operational, the normal-incidence monochromaror has demonstrated werld-record resolurtion,
and breakthroughs have been achieved in photoionization studies, photochemistry, and, recently, crossed-
beam reactive scattering, Visitors have come from Cornell University, Brookhaven National Laboratory,
the University of North Carolina, the University of Waterloo, Purdue University, State University of New
York at Stony Brook, and University of California, Davis to take advantage of the facility, and the user base
is ramping up rapidly. The scientific advances recently achieved and the promising future directions are
outlined below.

2. Opportunities in Chemical Dynamics

2.1 Combustion: Radical Chemistry and Dynamics

Despite the short time since it has come on line, the end stations at the Chemical Dynamics
Beamline have already begun to have a significant effect on our understanding of combustion chem- .
istry. The high flux of the ALS available at the crossed-molecular-beam end station has allowed
sensitive universal derection of reaction products, while the tunability of the ALS has been used to
discriminare among competing product channels. The high resolution available from use of the Eagle
monochromator has opened the door to a new generation of studies on the photoelectron spectros-
copy of radicals. Future developments can extend the techniques available for exploration of new
systems. The subsections below describe some recent work and future directions.

2.1.1 Reaction of Radicals with Hydrocarbons

Crossed-beam reactions of halogen atoms with saturated hydrocarbon molecules have recently been
investigated by the Suits group using soft-VUV ionization for direct measurement of the hydrocar-
bon-radical fragment for the first time. Radical abstraction of primary or secondary hydrogen atoms
from hydrocarbon molecules represents a crucial aspect of the dynamics of these reactions, important
for developing a predictive understanding of combustion systems. The crossed-beam reaction of
chlorine with propane showed clear energy-dependent dynamics indicating abstraction of secondary
hydrogen atoms that led to forward-scattered, internally cold propyl radicals. The backscattered
component, which moved to sideways scattering at higher collision energy, indicated reaction of the
primary hydrogen atoms was mediated by an entrance barrier. Reaction with n-pentane showed
similar behavior with one striking difference: the forward-scattered product was unambiguously the
2-pentyl radical, which was formed even colder than in the propyl case. The backscattered pentyl
radicals, however, showed a translational-energy release nearly 1 eV lower than the forward-scattered
products, dramatically showing the involvement of the carbon skeleton in the collision. Past studies
of these reactions have relied on state-resolved laser probing of the HCI product, with the assump-
tion of uncoupled energy and angular distributions being used to allow reconstruction of the differ-
ential cross sections, an assumption we see is of limited validity. The laser experiments are thus blind
to these key aspects of the reaction. Universal probing of the radical fragment via undulator radiation
allows the complete picture of the dynamics to emerge.
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This work demonstrates that the crossed-molecular-beam end station is already having an impact on
combustion dynamics. It should now be possible to investigate many other radical-molecule reac-
tions with good detection sensitivity in a state-of-the art molecular-beam system.

2.1.2 Photodissociation of Hydrocarbons

The photodissociation and chemistry of hydrocarbons and related species is of considerable interest
in modeling combustion processes. As the tomplexity of these species increases, however, they
become less accessible to investigation by “standard” techniques. For example, state-resolved laser-
based methods are rarely practical for probing hydrocarbon systems beyond CH,. Furthermore, in a
conventional crossed-beam instrument with electron-impact ionization, product identification is
greatly complicated by dissociative ionization of parent masses, and discrimination between different
product isomers of the same mass is not possible. Using tunable VUV undulator radiation as a
universal but selective probe, both of these issues can be addressed. Dissociative ionization can be
prevented by tuning the photon energy below the onset of dissociation. Background interference is
thus nearly eliminated. Furthermore, if two product isomers have different ionization potentials, as is
often the case, they can be distinguished using tunable VUV ionization.

As an example, the Neumark group has investigated the photodissociation at 193 nm of allene
(CH,CCH,) and propyne (CH3CCH) on End Station One of the Chemical Dynamics Beamline.
Both have the chemical formula C3H,.and both undergo primary dissociation to C3Hj + H.
However, the chemical identity of C3H; is unclear; it could be the propargyl radical (CH,CCH) or
the propyny! radical (CH,CC). One expects and finds exclusively the propargyl product from
dissociation of allene, as shown in the upper panel of Figure 1, bur either product is possible from
dissociation of propyne. However, breaking the acetylenic bond in propyne takes 40 kcal/mol more
energy. The two channels can be distinguished because their ionization potentials are quite different:
8.7 eV for propargyl and 10.8 €V for propynyl. As shown in the lower panel of the figure, there is
significant dissociation of propyne to propynyl, indicating substantial bond-selectivity in which the
stronger bond breaks.

Other recent examples are provided by the studies of Lee and co-workers on the photodissociation of
dimethyl sulfoxide and of Hall and coworkers on acrylonitrile and vinyl chleride. As in the allene
and propyne examples, complex, multichannel dissociations are analyzed by taking advantage of the
fact that tunable ultraviolet ionization produces reduced cracking of the parent molecule and permits
both selective detection of different species with the same mass and low-resolution spectroscopy of
internal energies. Momentum matching has been exploited in the dissociation of these molecules to
give quantitative dissociation energies and recombination barriers for radicals such as H,CCl,
H,CCH, and CH,SO. Future experiments can be optimized to investigate unimolecular decompo-
sition and isomerization of energetic free radicals.

2.1.3 High-Resolution Molecular Photoionization

Recent developments at the high-resolution photoionization and photoelectron end station at the
Chemical Dynamics Beamline of the ALS have made possible ultrahigh-resolution measurements
using the photoionization, threshold photoelectron (TPE), and pulsed-field-ionization (PFI) zero-
kinetic-energy photoelectron (ZEKE) spectroscopic techniques. Energetic and spectroscopic darta for
~ gaseous ions can now be measured routinely at resolutions of 2 cm™! to 5 cm™! using this facility,
making it 2 unique apparatus for VUV photoionization and photoelectron studies of gasecus mol-
ecules in the photon-energy range of 6 eV to 27 eV. The energetic information for molecular ions
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Figure 1. Hydrocarbon photodissociation at the ALS. Allene (top) and propyne
(bottom) are photodissociated at 193 nm. The product scattered at vavious laboratory
angles is tonized with VUV radiation and mass-analyzed. The figure shows the
ionization efficiency of the mass-39 product at 10° (CH-bond fission) produced from
both precursars. The product species clearly bave different ionization potentials. The
propargyl radical is produced from allene, and the propynyl radical is produced from
propyne. The latter channel is particularly interesting since it vepresents disseciation
of the much stranger (by 40 kcalimol) C-H bond in propyne. [Figure courtesy of

D. Neumark, University of California, Berkeley |

thus obtained can be used in thermochemical cycles to derive highly accurate heats of formation, as
well as dissociation energies for neutral molecules. Since accurate energetic and structural daca for
radicals are lacking in the literature, the photoionization and photoelectron capability of the Chemi-
cal Dynamics Beamline should play an important role in providing these data for key reactive inter-
mediates relevant to combustion, plasma, atmospheric, and interstellar chemistry.

Rotationally resolved (or partially resolved) photoelectron spectra of small radical hydrides, e.g., CH,
CH,, NH, NH,, HCO, CI—Iso, and C,H, are of particular interest because these species are impor-
tant intermediates in combustion chemistry. Polyatomic hydrocarbon radicals are another class of -
intermediates relevant to combustion and planetary chemistry. Photoionization studies of polyatomic
hydrocarbon radicals provide fundamental information about the vibrational excitation in hydrocar-
bon cations and about transitions from classical to nonclassical structures, e.g., bridged hydrogen in
ethyl and propargyl cations.
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Accurate energetic and spectroscopic data obtained for open-shell and highly correlated radical and
fonic species also provide tests of state-of-the-art ab-initio calculations. High-resolution, rotationally
- resolved photoelectron measurements allow the testing of symmetry-selection rules and the angular-
momentum balance involved in photoionization processes. These fundamental data, which can be
obtained routinely in a high-resolution photoclectron experiment, can be used to elucidate cation
geometries and vibronic couplings.

High-resolution photoelectron studies of polyatomic radicals will require the further development of
radical sources. Many polyatomic radicals can be produced readily in electrical discharge, photodisso-
ciation, and thermal-pyrolysis. However, radicals thus formed often coexist with their precursors and
with secondary reaction products. The photoelecrron spectrum of a radical in a mixture of other
species can be isolated with high sensitivity usmg the threshold photoelectron-photoion coincidence

{TPEPICO) scheme.

Mass-selected threshold-ion (MATT) spectroscopy involves the detection of ions formed by the PFI
of high-n Rydberg species. Preliminary efforts in the measurement of the MATT spectra for mol-
ecules at the Chemical Dynamics Beamline have been partially successful, and changes in the ion
optics based on the experience gained in these preliminary studies are under way. Since MATT is a
threshold-ionization technique, it provides the same spectroscopic capabilities as ZEKE, with the
tremendous added advantage of clear identification of the species responsible for the spectrum. This
mass labeling of the high-resolution photoelectron spectrum makes the MATT technique perfect for
high-resolution photoelectron spectroscopic studies of radicals and clusters, which are usually pre-
pared in a source coexisting with other impusrities.

An entirely new type of threshold ionization spectroscopy, similar in spirit to ZEKE or MATI, has
recently been demonstrated using coherent VUV light in the laboratories of John Hepburn of the
University of Waterloo. This technique, called threshold ion-pair-production spectroscopy (TIPS), is -
based on the Rydberg-like behaviour of very high vibrational levels in ion-pair potentials. The
existence of these levels means that one can make a very precise determination of the threshold for
ion-pair formation using pulsed-field ionization with a MATI-type spectrometer. In fact, exactly the
same ion optics are used for MATT and TIPS. Since TIPS determines the precise energetic threshold
for AB—A* + B~ to an accuracy of 1 cm™!, if the ionization efficiency of A is measured by ZEKE/
MATT and the electron affinity of B is measured by precise ion-beam techniques, the TIPS result can
- determine the bond energy of neutral A-B to wavenumber accuracy, as has been demonstrated by
Hepburn’s group for O,, HE and HCI. The broad runing range and superior VUV flux at the
Chemical Dynamics Beamline will allow for studies of polyatomic molecules, where frequently bond
energies are not well known. Since ion-pair formation is a common process in molecules, TIPS
should be widely applicable. Some examples of very interesting systems to study are CH,F, CF, and
HCN. In addition, because TIPS is a spectroscopic technique, it can measure the spectrum of the
molecular-ion fragment if the other ionic fragment is an atomic ion. For example, the TIPS spec-
trum of HCCH-—-HCC™ + H* will reveal the spectrum of the HCC™ anjon, along with the dissocia-
tion energy of the HCC-H bond. Because of the higher electric fields involved i 1n typical apphca—
tions of TIPS or MATI, the energy resolutions are usually on the order of 2 cm™" 10 4 cm™!, making
these two techniques perfectly suited for the Chemical Dynamics Beamline at the ALS. Because of
the high flux and tuning range in the VUV, implementation of TIPS and MATT at the ALS is very
important.
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2.2 New Molecules, New Chemistry

The “soft-ionization” feature made available by the runability of the ALS allows one to detect weakly
bound molecular systems without fragmenting them. In addition, one-photon ionization is a univer-
sal probe requiring no prior spectroscopic information. This powerful combination of selectivity and
universality makes it possible to detect and characterize new radicals and metastable molecules, as
discussed in the next section.

2.2.1 New Radicals

The weakly bound radical preduct CICO has been directly observed for the first time, using End
Station One of the Chemical Dynamics Beamline and the undulator “white” beam. This radical is
believed to play a critical role in combustion of halogen containing wastes and in the formation of
photochemical smog. The use of soft ionization by tunable undulator radiation allowed for direct
observation of this unstable radical and, for the first time, the measurement of its photionization-
efficiency curve {Figure 2). Other weakly bound or highly reactive radicals might similarly be investi-
gated.
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Figure 2. Photoionization-efficiency spectrum for CICO from 193-nm
dissociation of oxalyl chlovide. [Figure courtesy of Arthur Suits, LBNL.]
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2.2.2 New Molecules

Recent work has suggested the possible formation of energetic, metastable tetraoxygen species
produced in the nonequilibrium combination of a pulsed discharge with a supersonic expansion. The
use of tunable undulator radiation will allow for direct one-photon probing of this species to deter-
mine its energy and to aid in assigning its structure. These “physical synthesis” methods, similar to
those that produced Cg, might conceivably produce other such novel molecules. The combination
{described in Section 3) of a high-throughput monochromator system and the imaging end station
will be well suited to the investigation and characterization of such species using simple photoioniza-
tion-efticiency measurements or imaging photoelectron spectroscopy.

2.2.3 New Chemistry

Molecular beams enable one to prepare highly reactive species under carefully controlled conditions,
allowing one to study the elementary reactions that combine to yield the macroscopic chemistry
taking place in the atmosphere, in an engine, or in interstellar space. Often these reactions will
involve new chemistry with novel reactants or products. The recent crossed-beam study of the
reaction of carbon atoms with acerylene is a case in point~—the dynamics of these reactions and their
importance to interstellar chemistry were unknown and the product C;H isomers not well character-
ized. As detailed further in the section on astrochemistry below, tunable soft VUV ionization in End
Station One will allow direct insight into this new chemistry because product isomers and electronic
states may be identified directly and compared to ab initio calculations. Similar considerations apply
to studies in combustion chemistry. As new molecular-beam sources of radicals or excited atoms are
developed, new reactions will inevitably be revealed. This underscores the importance of parallel
laboratory development of molecular-beam sources of radicals.

2.3 Atmospheric Chemistry and Global Change

Substantial opportunities exist for increased understanding of the fundamental reactions involved in
atmospheric chemistry and global change. The availability of soft x-ray radiation can be used to
characterize acrosols, and the tunability in the ultravielet can be used for selective ionization to
determine branching ratios in key reactions. Since photoabsorption cross sections as a function of
wavelength for such important classes of molecules as CFCs and HCFCs are not known, both the
Working Groups on Atomic, Molecular, and Optical Physics and on Chemical Dynamics have
recognized the important role the ALS has.te play in atmospheric chemistry {(see also Section 2.2.5 of
the report of the Working Group on Aromic, Molecular, and Optical Physics).

2.3.1 Electron Scattering from N,

The NO budget in the upper atmosphere aepends critically on the product state distribution result-
ing from dissociative electron scattering with N,,. In the 10-eV t0 20-¢V range, we have

N, + e — N(*8), NCD), and N'(!S) + &,

where N refers to translationally excited nitrogen atoms. These nitrogen atoms result in the produc-
tion and depletion of NO via

NED) + O, - NO + O, and

N(*$) + NO - N, + O.
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In addition, translationally hot N"(4S) can form NO via

N'(#8) + O, - NO + O.

Calculations shown in Figure 3 demonstrate that the concentration of NO changes by over an order of
magnitude if the branching ratio for production of N(D) and N"¢4S) atoms changes by only a few
percent from a ratio around (.5. It would therefore be very useful to measure the branching ratio in the
laboratory as a function of electron energy. This experiment can be performed by introducing a low-
energy electron gun into either End Station One or the new proposed end station (see Section 3) and then
using tunable VUV ionization to detect selectively the various electronic states of the atomic-nitrogen

products.

Atmospheric chemistry: the NO budget .
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Figure 3. Calculations show that the concentration of stratospheric NQ varies strongly with the branching
ratio for production of NED) vs. N*(4S5) in the dissociative elecrron scattering from nitragen. [Figure
courtesy of S. Selomon, NOAA, University of Colorado.]

2.3.2 Aerosols

Combustion aerosols from crude-oil flaming, from Diesel motors or other industrial combustion,
and from wood smoke from forest or savanna fires have the potential at some atmospheric altitudes
to counteract the warming effects of anthropogenic gases (CO,, CFC, CHy, N,0O, O;), while at
other altitudes they pose a serious public-health threat. Submicron carbonaceous particles (0.03 pum)
containing primarily organic and/or black carbon marerial can often combine with sulfur com-
pounds, the major component of aerosols. These particles then cause cooling perturbations on the
overall greenhouse warming and also influence regional anomalies of the climate. Understanding
these particles is thus an important component of our ability to understand and predict climare

change.
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One pressing issue is to-investigate the mixing of these particles with water droplets in clouds and to
examine their reactivity with atmospheric gases under solar radiation. The photochemical reactions
on the surface of such aerosols represent 2 new class of heterogeneous chemical reactions whose
understanding is necessary for inclusion in atmospheric models. There are various types of acrosols to
be considered: pure carbonaceous particles, pure water aerosols, hydrophilic carbonaceous particles,
carbonaceous particles seeded with metal ions {such as iron) or inorganic material (Ca, Si0,), etc.
The oxidation of SO, by water to produce sulfates or the reactions involving NO, -NO cycles are
typical processes to be considered. According to current laboratory experiments 1nvest1gat1ng chemi-
luminescent reactions on very large rare-gas clusters (several thousands of atoms), the reaction rarely
involves a one-to-one molecular interaction but rather the formation of dimers or trimers or even
microclusters of reactants. It would be ideal to build an experiment incorporating a direct probe of
such microclusters by in-situ x-ray absorption [near-edge x-ray absorption fine structure (NEXAFS,
also known as XANES) or extended x-ray absorption fine structure (EXAFS)). The tunability and
the brightness of the ALS in the soft-ray and x-ray spectral regions would provide the chemical
selectivity necessary to select the microclusters out of the other products in the small region of the
reaction. The x-ray absorption spectrum would give directly the structural and chemical-bonding
information that is impossible to obtain using normal laboratory instruments.

Novel types of experiments can also be envisaged based on carbonaceous, soot-like aerosols produced
by infrared laser pyrolysis of hydrocarbons thar are quite representarive of a combustion process.
Reactant gases might be incorporated onto the surface of these aerosols by the “pick-up” technique
or by a crossed beam method. At the center of the reactor, a cw visible-UV laser can be switched on
to trigger the photoreaction. Several probe techniques such as mass spectrometry and visible chemi-
luminescence can be used together with the Synchrotron x-1r3y ptobe to complement the determina-
tion of the reaction mechanism.

2.4 Astrochemistry

As a third-generation synchrotron source, the ALS offers many unique opportunities for advance-
ment in understanding processes important in planetary atmospheres, in astrophysics, and even in
the cosmology associated with the planet formation. The ALS can be used to study branching ratios
for the production of different photochemical products as a function of the wavelength of the light
(see Section 2.1.2). The unique capability stems from selective ionization based on the tunablhty of
the undulator radiation.

2.4.1 Photochemical Branching Ratios as a Function of Wavelength

Branching ratios for photedissociation and photoionization are important for understanding comets
and planerary armospheres. First, consider saturated hydrocarbons. These molecules are important in
the atmosphéres of the giant planets and their satellites, in comets, and in the interstellar medium.
The most important wavelength for studying them is Lyman-c¢t. Even with four-wave mixing and
resonant sum or difference frequency mixing, it is difficult for Iaboratory lasers to obtain more than
101! photons per laser pulse at this wavelength. The low flux precludes determining branching ratios
among possible dissociation channels of hydrocarbons. Although the dissociation of methane has
recently been reinvestigated by detecting the hydrogen atoms with laser-induced fluorescence (LIF}
and by imaging, these studies did not adequately distinguish berwecn the four processes of
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{1} simple C-H bond fission leading to stable CH;, radicals,
CHy; — CH; + H,
(2) sequential dissociation into three fragments,
CH, —CH; + H,
CH,” —»?*ICH, + H,
— CH + HZ s
{3) simultaneous dissociation into three fragments,
CH, — *!ICH, + H + H, |
— CH + H2 + H,
or {4) molecular elimination,
CH, - !CH, + H,.
The ability to determine the velocity of the heavy fragment would certainly aid in sorting out these
possibilities. The imaging apparatus at the ALS could use the first harmonic to dissociate the CH,

and the second harmonic to detect the heavy fragments. Similar problems occur for the photolysis of
other saturated hydrocarbons, such as ethane and propane, and for alkynes, such as acetylene.

2.4.2 Reaction Dynamics

Recent wotk by Arthur Suits and Yuan Lee at LBNL and the University of California, Berkeley, using
the crossed-molecular-beam technique has shown the importance of neutral reactions in the synthe-
sis of carbon-bearing molecules in interstellar space. These studies were hampered by the inability to
identify the radical product isomers directly. The crossed-beam method is ideal for detailed study of
these reactions involving highly reactive radicals and atoms, since products are detected before
subsequent chemistry takes place obscuring the processes of interest. End station one, with the
tunable VUV probe, will aid greatly in identifying the primary products of these reactions, helping
to unravel the complex chemistry in interstellar clouds and planetary atmospheres.

2.5 Cluster Dynamics and Spectroscopy

The high photon flux of the ALS allows coincidence measurements that can greatly improve our
understanding of the spectroscopy and dynamics of clusters, clearly an exciting area of opportunity
for chemical dynamics and AMO physics in the VUV (see also Section 2.1 of the report of the
Working Group on Atomic, Molecular, and Optical Physics).

2.5.71 Photoionization/Photoetectron Coincidence Spectroscopy of Clusters

Photeelectron spectroscopy of size-selected clusters reveals how electronic and vibrational structure
evolves from the molecular to the macroscopic, therefore bridging the gap berween small-molecule
chemical physics and materials science. Numerous experiments of this type have been performed on
negative cluster ions of carbon, silicon, germanium, and mixed species, such as gallium arsenide and
indium phosphide. However, analogous studies of neutral clusters have been far more difficult to
perform because such clusters cannot be mass-selected prior to spectroscopic interrogation. To deal
with this issue, we propose to perform photoelectron-photoion coincidence studies on these clusters
at the ALS. Clusters will be generated in a laser ablation/molecular beam source using a high repeti-
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tion rate (about 1 kHz) laser. The experiments can best be carried out on the propesed chemical-
dynamics imaging end station with the high-throughput medium-resolution monochromator (see
Section 3), since 10-meV resolution is about what one needs.

2.5.2 Inner Electron Spectroscopy and Photodissociation of lon Clusters

Studies of ion clusters are appealing because they are readily size-selected, so that there is no ambigu-
ity concerning their mass. However, since ion clusters are typically produced in much lower quanti-
ties than neutral species, all spectroscopy experiments performed to date have been restricted to the
visible and near ultravioler, where powerful lasers are available. The high photon flux and low emit-
tance of the ALS will allow us to extend these studies to the vacuum ultravielet region and beyond.
The VUV spectroscopy of ion clusters offers a novel probe of their electronic structure. Specifically,
one can map out the evolution of the more tightly bound orbitals and compare their energies to
those of the highest occupied molecular orbitals (HOMOs) probed in the visible/near UV. This
measurement can be done for clusters ranging from rare-gas cluster ions to carbon and semiconduc-
tor ions. Experimentally, the most feasible means of performing these experiments is to detect
photodissociation products. One can collinearly overlap a mass-selected cluster-ion beam with the
beam from the ALS, and use a secondary-mass spectrometer to analyze and detect product-ion
fragments.

2.5.3 Helium/Argon Droplets

Another experiment along these lines involves generating a beam of very large, cold helium clusters
(10,000 to 100,000 atoms) and passing it through a graphite oven; the result will be exceedingly cold
carbon clusters adsorbed onto {or absorbed into) a much larger helium cluster. Studies to date in
France and in the U.S. have typically used detection of laser-induced fluorescence or chemilumines-
cence to probe the dynamics in these systems, but clear opportunities exist for applications of syn-
chrotron radiation to probe the products directly using photoionization, photoelectron spectroscopy,
or fluorescence methods. One could then measure the ionization potentials, photoelectron spectra,
and ion-fragmentation spectra for these clusters. An intriguing possibility is to probe these species
with much higher photon energies (about 1 keV) to perform EXAFS and other x-ray based spec-
troscopies; the resulting structural information would complement more common experiments in
the visible and ultraviolet.

2.6 Plasma Chemistry

Studies of plasma chemistry are relevant to the semiconductor industry, planetary atmospheres, and
material research. The modeling of plasma processes requires accurare absolute total cross sections or
rate constants of ion-molecule and ion-radical reactions in the kinetic energy range from thermal to
abour 100 eV. Because these quantities are also of fundamenral intetest, this area of research is also
important to the atomic, molecular, and optical physics community (see Section 2.1 of the report of
the Working Group on Atomic, Molecular, and Optical Physics). Since the temperature varies greacly
in different plasmas, it is necessary 1o measure absolute cross sections of internally excited atomic and
molecular ions over a wide range of collisional and vibrational energies. The high sensitivity in
photoionization achieved using the photoion-photoelectron apparatus at the ALS would allow the
reactivity studies of ions in very high vibrational states. Owing to the very high photoelectron-energy
selectivity demenstrated in PFI-ZEKE measurements, the further development of the photoion-
photoelectron apparatus associated with the Chemical Dynamics Beamline will offer unique capa-
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bilities for studies of mode- or state-selected ion-molecule reaction dynamics. Specifically, the reac-
tion cross sections involving diatomic and simple polyatomic hydride cations should be measurable
at the rotationally state-selected level.

Cross-section measurements for ion-radical reactions are an unexplored field. Owing to the high
VUV flux of ALS undulator radiation {106 photons/sec at 2.2% bandwidth), the preparation of
state-selected neutral atoms and radicals for reactive studies should be possible. Aroms and radicals in
specific internal states can be prepared by photodissociation of appropriate precursor molecules.
Knowing the photodissociation cross sections would allow the reliable determination of the number
density for the photoproducr thus prepared.

2.6.1 Photodissociation of State- or Energy-Selected Molecular lons

Spectroscopic and thermochemical information about gaseous ions may be obtained using laser-
photodissociation spectroscopy, which involves the monitoring of daughter ions as a function of the
energy of the laser radiation. Earlier experiments used electron-impact ionization for ion preparation,
and the ions thus formed were thermally excited over a distribution of rotational and vibrational
states. The thermal excitation of the precursor ions makes the analysis of the photodissociation
spectrum difficult. In addition, hot-band excitations also shift the dissociation threshold to a lower

energy.

These probiems can be overcome by use of molecular photoionization and molecular beams. Photo-
ionization favors processes with a small change in rotational quantum number, so that molecular
tons in the ground vibrational state can be efficiently prepared with negligible rotational excitation in
a free jet by photoionization at photon energies near the ionization threshold. State-selected or
energy-selected molecular fons can be prepared by photoelectron-photoion coincidence (PEPICO)
techniques for photodissociation studies. Baer and cowerkers have applied the PEPICO technique to
energy-select ions and subsequently photodissociate them with 2 pulsed excimer laser. The kinetic-
energy-release distributions derived for the product ions provide information about the dynamics of
unimolecular dissociation. We plan to develop this techriique for routine studies of the photodisso-
ciation dynamics of vibrational- and electronic- state-selected diatomic and triatomic ions.

2.6.2 Dynamics of State-Selected lon-Molecule Reactions -

The U10 undulator, in connection with a high-resolution monochromator, is particularly useful for
experiments requiring highly monochromartic radiation of high intensity and makes it feasible to
perform chemical-dynamics experiments that were previously impossible. As described above, the
system is particularly well suited for preparing ions in well-defined states. One area of future investi-
gation is to explore state- or energy-selected ion reactions.

Studies of the chemistry of state- or energy-selected ions are important for the fundamental under-
standing of ionic processes relevant to organic, inorganic, atmospheric, interstellar, plasma, and
materials chemistry. Many ion-molecule reactions relevant to the Earth’s ionosphere involve elec-
tronically excited atomic oxygen and nitrogen ions. Because of the difficulties in preparing these
ions, reliable cross sections for many important atmospheric lfon-molecule reactions have not been
examined in detail. We plan to develop a PEPICO apparatus for ion-molecule reactions that incor-
porates mass-spectrometric and rf-octopole ion-guide techniques in order to measure for state-
selected cross sections of ion-molecule reactions of planetary interest.
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The aim is to investigate ion-molecule and ion-cluster dynamics by using ions in electronically well-
defined srates. Reactions are of the type

X* (state selected) + BC — XB* + C,

where X is a rare gas (He, Ne, Ar, Kr, Xe) and BC is a diatomic or polyatomic molecule (e.g., CO,
CQO,, CH,, etc.). A particular state is selected by using an ion-electron coincidence technique, which
4 ) : . i
distinguishes between different electronic states. This method can also be applied to produce mo-
lecular ions in a particular vibronic state to use as reagent ions in ion-molecule reactions. An example
is shown in Figure 4, which demonstrates that bending levels of OCS* can be selected by the
PEPICO technique. The investigation of reactions between state-selecred ions and clusters will also
be considered in order to study energy- and charge-transter processes in such systems.
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Figure 4. This spectrum showing a fully resolved vibrational structure for OCS*
demanstrates that the PEPICO technique can select the bending levels of OCS* for
mode-selective dynamics studies. [Figure courtesy of C. Ng, Towa State University. ]

2.7 Chemistry in Real Time

The beginnings of chemical kinetics involved the mixing of reactants and the observation of the time
dependence of changes in the systém. From this beginning there has been a continuing quest to
improve the time resolution of the experiments to enable the detailed observation of the motions of
the molecular reactants on the time scale of the motion of the individual atoms. These ultrafast time-
dependent studies began with flash photolysis 50 years ago with a resolution of microseconds and
were subsequently twice revolutionized, first by the development of lasers and second by mode
locking. The recent development of Ti:sapphire chirped pulse lasers has caused yet another revolu-
tion, placing this technology in the hands of scientists that are not full-time laser developers.

We now have the opportunity to observe chemical-reaction processes in real time, watching hydro-
carbon bonds in a single excited molecule break simultaneously or sequentially—and understanding
why it happened that way! We can begin 1o choose the domain (time or frequency) that provides the
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optimum density of information. The future lies in understanding and predicting the behavior of
systems of greatly increased complexity (large molecules, clusters, solvated reactants, molecules at
interfaces} where the number of degrees of freedom is too numerous to allow accurate computation
and high-resolution frequency-domain data may not be amenable to analysis. Most needed are
ultrafast techniques that enable one to investigate selectively only those degrees of freedom that are
important to the chemical process. The most obvious such information concerns the positions of the
nuclei and the electronic state of the reacting partners. In solution, solids, or clusters, we must know
the positions of the neighbor atoms and molecules. It would appear that inner-shell excitation and
level shifts may be a particularly effective probe to provide this time-dependent structural informa-
tion. This will require the development of intense, tunable, ultrafast light pulses in the ultraviolet/
near x-ray region. The third- and fourth- generation light sources may have a truly unique role to
play in this endeavor.

2.8 Photoionization Dynamics of Complex Molecules

Photoionization is becoming increasingly important as a probe of chemical systems, be they complex
molecules, transition states, clusters, or radicals. What is not as obvious is that the photoionization
dynamics for molecular systems provides a useful means of developing a deeper understanding of
molecular scattering. For both of these reasons, the ALS will be a useful tool for developing a clear
understanding of how electrons are ejected from molecular systems and, in so doing, how electronic
and nuclear degrees of freedom are coupled in fundamental and theoretically tractable systems. It
should be noted that a fundamental understanding of electron-ejection dynamics for simple systems
has already led to important applications; for example, the field of NEXAFS spectroscopy of adsor-
bates on surfaces. It is very likely that an understanding of photoejection dynamics can lead o
analogous applications to more complex materials and biological systems. A clear understanding of
photoelectron dynamics for complex systems, such as polyenes and heterocyclic ring structures, can
be of fundamental interest in chemical and molecular physics.

There are at least two possible experiments that one can envision, although it is likely that many
others will emerge. First, it would be of great interest to obtain vibrationally resolved photoelectron
spectra on polyatomic systems over a broad energy range for both valence- and core-electron ejection
in order to study how the ionization process responds to changes in molecular geometry. Second, it
would be informative to study how the ionization dynamics behave far from threshold for molecular
clusters. Both of these experiments have the potential of understanding how electrons become
quasibound in real systems, and such information is not accessible via other means. The high resolu-
tion of the ALS beam on end-station two should make interesting studies possible on such complex
systems.

Related studies on dissociative ionization processes and the decay dynamics of superexcited states
promise insights into the nature of the coupling among the electronic states at these energies above
the first jonization potential; as well as providing valuable data for thermochemical cycles. The
imaging apparatus and high-throughput monochromator system mentioned above will enable
coincidence measurements of the complere energy and angular distributions for these processes,
thereby providing unprecedented insight into the lifetimes, decay pathways, product branching, and
coupling mechanisms in these systems.
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3. Future Capabilities

The ALS represents the world’s most intense source of continuously tunable VUV light in the

5-eV to 30-eV region. This high intensjty has been exploited in two branch lines on Beamline 9.0.2,
one of which incorporates a 6.65-m Eagle monochromator to perform very high-resolution studies
of photoionization dynamics and threshold photoelectron spectroscopy, while the other relies on the
broadbarid “white beam” of the undulator with its inherent 2.2% energy bandwidth to perform
selective soft tonization of reaction products. An important innovation for chemical- dynamics
studies at the ALS is to take advantage of the new velocity-map imaging technique in conjunction
with a high-throughput monochromator system. This combination will considerably expand the
experimental opportunities and broaden the appeal of studies on the beamline to a larger community
in the field of chemical dynamics. New experimental opportunities include spectroscopy and photo-
dissociation dynamics of radicals (Section 2.1), cluster dynamics and spectroscopy (Section 2.5),
identification and characterization of novel merastable molecules and superexcited states and their
decay mechanisms (Section 2.2}, and new approaches to the study of photoienization dynamics in
complex systems (Section 2.8).

A moderate-resolution, high-throughput monochromator system has been designed for application
on the beamline in conjunction with an end station based on ion imaging. The monochromaror,
whose performance is summarized in Table 1 along with the characteristics of the existing
branchlines, has a high-efficiency, moderate-resolution 3-m Eagle design. The new end station
incorporates dual imaging detectors for recording energy and angular distributions of electrons and
ions, singly or in coincidence. This combination, joining many of the strengths of the two existing
end stations with the powerful imaging technique, promises greatly enhanced experimental versatil-
ity. This versatility comes from the inherent multiplexing nature of the imaging technique and the
high flux of the monochromator.

Table 1. Characteristics of Chemical Dynamics Branch Lines

Branch Line 1 2 3 {proposed)
Source “White Beam” 6.65-m Eagle 3-m Eagle
Resolution, E/AE 35 to 50 3000 to 75,000 50 to 1000
Flux 1016 1012 1014
{at resolution) 50 3000 1000

4. Summary

The Chemical Dynamics Beamline at the ALS along with its dedicated end stations has already begun to
make a substantial impact of in the area of combustion. As the user base grows and as the new opportuni-
ties in atmospheric chemistry, cluster chemistry, plasmas, and astrochemistry augment further advances in
combustion, many more of the unique features of the beamline will be exploited to extend the depth and
range of chemical dynamics. The high likelihood of major advances and the importance of the problems
being addressed argue strongly for increased support of the Chemical Dynamics Beamline.
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Appendix A
The ALS as a Source of Intermediate-
Energy X Rays

Howard Padmore, Advanced Light Source

1. Introduction

The Advarniced Light Source (ALS) was optimized to produce extremely high flux and brightness in the
vacuum-ultraviolet {(VUV) and soft x-ray regions using undulator sources. It is alse, however, an excellent
source of intermediare-energy x rays, from 1 keV to 15 keV, and here the properties of various ALS
sources, existing and proposed, are benchmarked against the performance of the Advanced Photon Source
(APS) , National Synchrotron Light Source (NSLS), and Stanford Synchrotron Radiation Center (SSRL).
Although the core program of the ALS will always be in the lower energy region, the complementarity of
higher energy techniques and the potential to have a large capacity in this spectral range are powerful
arguments for the full exploitation of the capability of the ALS in the intermediate-energy x-ray region.

The flux and brightness are widely used to characterize the quality of a light source and are presented
here for the ALS in comparison to other DOE light sources. In the case of microfocus experiments,
in general the figure of merit is brightness. For experiments in which neither good angular collima-
tion nor a small focus size are required, flux is the figure of merit. Several classes of experiment,
however, have a figure of merit that is somewhere between flux and brightness, and to evaluate the
quality of the source, the flux lying within the position-angle or phase-space acceptance of the
experiment has to be evaluated. For example, vertical brightness is required in experiments that
involve grazing-incidence reflection or diffraction. The demand for brightness is due to the small
apparent sample size at small angles of incidence and the required high degree of angular collimation.
Another example, in which the figure of merit is closely related to the horizontal brightness, is
diffraction from protein crystals where crystal sizes are often a few hundred microns and typical
angular collimation is a few milliradians. Care therefore has to be exercised in directly using flux and
brightness to compare the characteristics of light sources.

In this note the ALS performance is benchmarked against existing light sources and against an
upgraded machine at SSRL. Finally the performance of the ALS with incremental improvements is
compared to the APS.
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2. Existing Sources

In this section, the performance of the ALS ar its standard operating energy of 1.9 GeV is
benchmarked against the existing APS, NSLS, and SSRL machines. The graphics indicate for the
most part the types of radiation source, so comments are given here only about specific devices and
where clarification is needed. The accelerator parameters are given in Table 1 and the radiation-
source parameters in Table 2. Note that the accelerator parameters are not fixed in time for any
machine, and incremental improvements are constantly being made to increase brightness, for
example by a reduction of the vertical emittance. In Figures 1 and 2, the flux and brightness of ALS
bend-magnet and wiggler sources are compared to those of the APS bend-magnet, undulator A, and
wiggler sources. Figures 3 and 4 show the flux and brightness comparison for selected NSLS
sources—a bend magnet, in-vacuum undulator (IVUN), a permanent-magnet wiggler, and 2 super-
conducting wiggler. Figures 5 and 6 show the same comparison for SSRL radiation sources—a bend
magnet and 15-, 26-, 30- and 54-pele wigglers. In summary, it can be concluded thart in terms of
flux, the APS wiggler is the highest output device, with the ALS wiggler being competitive with all
the others examined to at least 15 keV. The APS undulators offer extraordinary brightness art high
energy, with an advantage over the ALS wiggler of around 300 at 10 keV. The ALS and NSLS
wigglers have a similar performance and have more than an order of magnitude advantage over the
brightest SSRL wiggler at 10 keV. A surprising result is that an ALS bend magnet has a higher
brightness than the SSRL 54-pole wiggler up to 9.5 keV and higher than the 15-pole wiggler up to
14 keV.

Table 1. Accelerator parameters.

E 1 €, E, Bh By Dy Bh By Dy SE/E
Source ((__3§_V) {(mA) _(m-rad) (merad)  {ID, m) (ID,m} {ID} {(bend, m} (bend, m} (bend)
ALS 1.9 400 ox107  ex10ll 112 42 0 0.85 146 0094 8x104
APS 70 100 s7x10? 13xa010 142 101 o0 1.8 184 0085 1x1073
NSLS 258 500 9.4x108 1x10°10 11 041 015 16 105 034 8x10%4
SSRL 30 100 1.3x107 13xi0? 165 1.9 105 28 24 0.56 71074
SPEAR3 3.0 200 1.8x108 1.8x10719 145 70 o 1.0 70 01 9x1074
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Table 2. Radiation Sources.

Source Bend Undulator Wiggler . Wiggler Wigglér Wiggler
Field (T)
ALS_—_ 1.2? & Ay=23mm - Ay=160 mm -
5.0 N=40 N=37
By=2.1T
APS 0.6 Ap=33mm Ag=85 mm
N=70 N=56 )
By=1.0T |
NSLS 1.22 Ag=11mm Ap=120mm  A;=174 mm
N=31 N=27 N=5
By=1.0T By=5T
SSRI. 0.77 Ag=260 mm  R-175mm  A-129mm  %y=70 mm
N=15 N=26 N=30 N=54
By=1.9T By=2.0T By=1.5 T By=1.0T
SPEAR3  1.19 Ag=33mm Ag=260 mm  Ay=175mm  Ay=129mm  Ay=70 mm
N=70 N=15 N=26 N=30 N=54
By=19T By=2.0T By=1.5T By=1.0T

Xg is the undulator period, N is the number of poles, and By is the peak field.

3. Comparison to the Spear3 Upgrade of SSRL

The comparison of the ALS to an upgraded SSRL with the SPEAR3 lattice is shown in Figures 7 and
8 for flux and brightness, respectively. In terms of flux, the wiggler performances are similar, and the
SPEAR3 bend magnet now has a significantly better performance than the ALS for most of the
energy range with an advantage of 4 at 10 keV. In terms of brightness, the ALS wiggler and SPEAR3
54-pole wiggler have similar performance over the whole energy range, and the bend magnets
become equivalent ar 12.5 keV, with the ALS having better performance at lower energy.

Storage rings and radiartion sources can be incrementally improved over time, offering significant
performance advantages. Figure 9 and 10 show the flux and brightness of the ALS and the SPEAR3
machine with additional radiation sources. These are by no means a complete set, and cleatly with
advancing undulator and wiggler technology, as shown by the in-vacuum undularor pioneered ac
NSLS, substantial improvements can be made.

A 23-mm-period, small-gap undulator has been studied at the ALS ro cover the important 1-keV to
4 keV energy range. The performance of this device in flux and brightness is similar to that of the
APS undulator A proposed for SPEAR3, although the ALS device would have to use the first
through fifth harmonics, whereas the higher energy of SPEAR allows a longer period and requires

232 Appendix A




only the first and third harmonics. The ALS device will tune down to around 300 €V. The use of
small gaps also aliows the development of more-optimum wigglers, and we have shown here 2
50-mm-period device with a 5-mm gap and 40 poles. This device would be operated with two sets of
additional quadrupoles to decrease the vertical and horizontal beta values te 0.5 m and 3 m, respec-
tively. This, together with the reduction in length and peak oscillation amplitude, gives an increase in
brightness of around a factor of eight ar 10 keV.

A project was started in 1993 to investigate the possibility of replacing three of the 36 bend magnets
in the ALS lattice with high-field magners. This study marured into a construction project to build a
prototype magnet, and after three years of research and development, the LBNL superconducting-
magnet group recently produced a full-scale prototype that has routinely demonstrated a peak field
of 6.5 T and a field at the source points of 5 T. This is now a mature technology; moreover, it
requires only relatively minor changes to the machine and would have minimal impact on the
emittance. Each bend magnet will give light into two ports, and each of these can be split into two
beamlines. Three magnerts therefore give us the potential to have 12 superconducting bend-magnet
beamlines. As shown in Figures 9 and 10, these devices will have excellent performance to above

20 keV.

4. Comparison of Future ALS Sources to the APS

Finally, it is useful to benchmark the subset of possible future devices that we can add to the ALS to
those available now at the APS. This comparison is shown in Figures 11 and 12. The 23-mm-period
ALS undulator fills in the energy range below that covered by APS undulator A; the small-gap
wiggler is competitive with the APS wiggler in terms of brightness; and the superconducting bend
magnet offers very similar performance to an APS bend to above 20 keV. For those experiments
requiring extremely high brightness in the x-ray range, for example phase-contrast microscopy and
coherent scattering, the APS undulators offer outstanding performance. However, for a significant
subset of experiments, the brightness of ALS devices may well be sufficient. The prospect of super-
conducting bend magnets seems to offer an outstanding opportunity in thart it will give us a signifi-
cant number of excellent high-energy x-ray sources for a low cost to complement the already excel-
lent performance of our soft x-ray and VUV sources.
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Workshop Program

Scientific Directions at the Advanced
Light Source

March 23—25, 199
Program Agenda

Sponsors

Department of Energy, Office of Basic Energy Sciences
Ernest Orlando Lawrence Berkeley National Laboratory, Advanced Light Source
University of California, Office of the President

Chair

Yves Petroff, Director-General, European Synchrotron Radiation Facility

Charge

The goal of this workshop is to identify the élements of the most compelling scientific program for
- the ALS and to make recommendations for a roadmap to implement that program.
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MONDAY, March 23

7:30

7:45

8:00
8:30—12:30
8:30

8:55

9:20

10:00

10:15

10:40

11:20

12:00
12:15

12:30

2:00
6:30

Registration
Ernest Orlando Lawrence Berkeley National Laboratory Bldg. 50 Auditorium

Bus Service from the Shattuck Hotel

Bus Service from the Durant Hotel |

Plenary Session, Bldg. 50 Auditorium — Chair: Yves Petroff

Welcome on Behalf of Berkeley Lab — Charles Shank

Welcome on Behalf of BES — Patricia Dehmer

Experience at a Third-Generation Source — Yves Petroff

View from the European Commission Round Table — Giorgio Margaritondo
Break

Broken Electrons Forming Pairs? — A Photoelectron’s Srory of High-T_
Superconductivity — Zhi-xun Shen :

Role of the ALS in Addressing Microelectronics Technology Challenges
— John Carruthers .

Organization of the Workshop — Neville Smith

User Issues — Werner Meyer-Ilse

Lunch

Working Group Sessions {presentations & discussions) until 5:30

Dinner @ Le Cheval, 1007 Clay St., Oakland

TUESDAY, March 24

8:30
12:30
1:00
2:00

Working Group Sessions (discussions & recommendations)
Lunch
Short Plenary Session (progress reports) Bldg. 50 Auditorium

Werking Group Sessions (report writing)

WEDNESDAY, March 25

8:30
12:00
2:00

Appendix B

Plenary Session (feedback from Working Groups), Bldg. 50 Auditorium
Working Lunch/User Forum — Werner Meyer-Ilse, Pier Oddone
Adjourn
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Working Groups

(1) Complex Materials
Chair: Ward Plummer, University of Tennessee

Facilitator: Zhi-xun Shen, Stanford University

Technical Advisors: Zahid Hussain, Scott Kellar, and Erik Gullikson, Lawrence Berkeley National
Laberatory

Technical Writer: Art Robinson, Lawrence Berkeley National Laboratory

Working-group members: Massimo Alrarelli, European Synchrotron Radiation Facility (France);
Thomas Callcott, University of Tennessee Knoxville; C.T. Chen, Synchrotron Radiation Research
Center {Taiwan); Jun-Liang Chen, Synchrotron Radiation Research Center (Taiwan); Jonathan
Denlinger, University of Michigan; Makoto Doi, Lawrence Berkeley National Laboratory; Wolfgang
Eberhardt, Forschungszentrum Jiilich; David Ederer, Tulane University; Kwang Yong Eun, Korea
Institute of Science & Technology; Atsushi Fujimori, University of Tokyo, Japan; Eric Gullikson,
Lawrence Berkeley National Laboratory; Michael Hochstrasser, Pennsylvania State University; Craig
Horne, Lawrence Berkeley National Laboratory; Zahid Hussain, Lawrenc¢e Berkeley National Labo-
ratory; Scott Kellar, Lawrence Berkeley National Laboratory; Miles Klein, University of Illinois
Urbana-Campaign; Guy Lelay, CNRS Université de Provence (France); Hong-Ji Lin, Synchrotron
Radiation Research Center (Taiwan}; Ingolf Lindau, Stanford Synchrotron Radiation Laboratory;
Martin Magnuson, Uppsala University (Sweden); Giorgio Margaritondo, IPA-EPFL (Lausanne,
Switzerland); Nils Mértensson, University of Lund {Sweden}; Maurizio Marteucci, National Re-
scarch Council (Italy); Joseph Nordgren, Uppsala University (Sweden); Se-Jung Oh, Pohang Light
Source {Korea); Joe Orenstein, University of California Berkeley; Fulvio Parmigtani, Catholic Uni-
versity; Jim Patel, Lawrence Berkeley National Laborarory; Rupert Perera, Lawrence Berkeley Na-
tional Laboratory; Phil Platzman, Lucent Technologies; Art Robinson, Lawrence Berkeley National
Laborartory; George Sawatzky, University of Groningen (Netherlands); John Spence, Arizona State
University; Yasuhisa Tezuka, Lawrence Berkeley National Laboratory; Ku-Ding Tsuei, Synchrotron
Radiation Research Center; Xingjiang Zhou, Lawrence Berkeley National Laboratory.

(2) Magnetism and Magnetic Materials
Chair: David Awschalom, University of California, Santa Barbara

Facilitators: Jo Stéhr, IBM Almaden Research Center, and Jeff Kortright, Lawrence Berkeley
National Laboratory

Technical Advisors: Tony Young and Thomas Stammler, Lawrence Berkeley National Laboratory
Technical Writer: Deborah Dixon, Lawrence Berkeley National Laboratory

Working-group members: Juana Acrivos, San Jose State University; Uwe Arp, National Institute of
Standards and Technolegy; Sam Bader, Argonne National Laboratory; C.T. Chen, Synchrotron
Radiation Research Center (Taiwan); Cylon Da Silva, National Synchrotron Light Laboratory
(Brazil); Deborah Dixon, Lawrence Berkeley National Laboratory; Charles Fadley, University of
California, Davis; Hsueh-Hsing Hung, Synchrotron Radiation Research Center {Taiwan); Yves
[dzerda, Naval Research Laboratory; Peter johnéon, Brookhaven National Laboratory; Akito
Kakizaki, University of Tokyo (Japan); Sang-Koog Kim, Lawrence Berkeley National Laboratory;
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Kannan Krishnan, Lawrence Berkeley National Laboratory; Ki Bong Lee, POSTECH (Korea); Steve
Marks, Lawrence Berkeley National Laboratory; William Oosterhuis, U.S. Department of Energy;
Stuart Parkin, IBM Almaden Research Center; Z.-Q. Qiu, University of California Berkeley; Bruno
Reihl, Paul Scherrer Insttut (Switzerland}y; Mike Scheinfein, Arizona Stare University; Ivan Schuller,
University of California San Dicgo; Frank Schumann, Lawrence Berkeley National Laboratory;
Hans-Christoph Siegmann, ETHZ (Switzerland); Thomas Stammler, Lawrence Berkeley National
Laboratory; James Tobin, Lawrence Livermore National Laboratory; Christian Vettier, European
Synchrotron Research Facility {France); Dieter Weller, IBM Almaden Research Center; Tony Young,
Lawrence Berkeley National Laboratory.

(3) Polymers, Soft Matter, and Biomaterials
Chair: Tom Russell, University of Massachusetts, Amherst

Facilitators: Steve Kevan, University of Orgeon and Harald Ade, North Carolina State University
Technical Advisors: Tony Warwick and Simone Anders, Lawrence Berkeley National Laboratory
Technical Writer; Jane Cross

Working-group members: Ben Chu, State University of New York Stony Brook; George Cody, Carnegie
Institution of Washington; Steve Gregory, The Dow Chemical Company; Adam Hitchcock, McMaster
University; Malcolm Howells, Lawrence Berkeley National Laboratory; Chris Jacobsen, State University of
New York Stony Brook; John Kerr, Lawrence Berkeley National Laboratory; Gary Mitchell, Dow Chemi-
cal Company; John Pople, Stanford Linear Accelerator Center; Cyrus Safinya, University of Califronia
Santa Barbara; Gordon Vrdoljak, University of California Berkeley; Tony Warwick, Lawrence Berkeley
National Laboratory; Joe Zasadzinski, University of California Santa Barbara,

(4) Nanostructures and Special Opportunities in Semiconductors
Chair: Marvin Cohen, University of California, Berkeley

Facilitators: Daniel Chemla, University of California, Berkeley, and Franz Himpsel, University of
Wisconsin—Madison

Technical Advisors: Simone Anders, Mike Martin, and Scott McHugo, Lawrence Berkeley National
Laboratory :

Technical Writer: Joe Chew, Lawrence Berkeley National Laboratory

Working-group members: Joel Ager, Lawrence Berkeley National Laboratory; Simone Anders, Lawrence
Berkeley National Laboratory; David Attwood, Lawrence Berkeley National Laboratory; Ernst Bauer,
Arizona State University; Raul Beguiristain, Lawrence Berkeley National Laboratory; Christoph Bostedt,
Lawrence Berkeley National Laboratory; Glen Dahlbacka, Lawrence Berkeley National Laboratory; Uli
Dahmen, Lawrence Berkeley National Laboratory; Wolfgang Eberhardt, Forshungszentrum Jiilich (Ger-
many); Edward Franco, ARACOR; Fabia Gozzo, Intel Corporation; Jason Guo, Stanford University;
Eugene Haller, Lawrence Berkeley National Laboratory; Steven Irick, Lawrence Berkeley National Labora-
tory; Sungho Jeong, Lawrence Berkeley National Laboratory; Allen Johnson, SBS Consulting; Charles
Kim, Lawrence Berkeley National Laboratory; Edward Lampo, Lawrence Berkeley National Laboratory;
Steven G. Louie, University of California Berkeley; Thomas Lucatorto, National Institute of Standards
and Technology; Jan Luening, IBM Almaden Research Center; Michael Martin, Lawrence Berkeley
National Laboratory; Bruno Rethl, Paul Scherrer Institute (Switzerland); Wet Shan, Lawrence Berkeley
National Laboratory; John Spence, Arizona State University; Jim Underwood, Lawrence Berkeley
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National Laboratory; Tony van Buuren, Lawrence Livermore National Laboratory; Wladyslaw
Walukiewicz, Lawrence Berkeley National Laboratory; Stan Williams, Hewlett-Packard Laboratories.

(5) New Directions in Surface and Interface Science
Chair: Gabor Somorjai, University of California, Berkeley

Facilitators: Chuck Fadley, University of California, Davis, and Michel Van Hove, Lawrence Berke-
ley Nattonal Laboratory

Technical Advisors: Clemens Heske and Eli Rotenberg, Lawrence Berkeley Narional Laboratory
Technical Writer: Gloria Lawler, Lawler Associares

Working-group members: Simon Bare, UOP Research; John Bargar, Stanford Linear Accelerator Center;
Ernst Bauer, Arizona State University; Robert Cernik, CLRC Daresbury Laboratory (United Kingdom);
Scott Chambers, Pacific Northwest National Laboratory; Bruce Gates, University of California Davis;
Fabia Gozzo, Intel Corporation; John Gland, University of Michigan; Victor Henrich, Yale University;
Clemens Heske, Lawrence Berkeley National Laboratory; Zahid Hussain, Lawrence Berkeley National
Laboratory; Kirill Ivanov, Lawrence Berkeley National Laboratory; Guy Lelay, CNRS Université de
Provence (France); Xianglei Mao, Lawrence Berkeley National Laboratory; Nils Mirtensson, Uppsala
University, (Sweden); Dietrich Menzel, Technische Universitit Miinchen (Germany); Anders Nilsson,
Uppsala University (Sweden); Juerg Osterwalder, Universitic Zurich-Irchel (Switzerland); Howard
Padmore, Lawrence Berkeley National Laboratory; John Rehr, University of Washington; Phil Ross,
Lawrence Berkeley National Laboratory; Eli Rotenberg, Lawrence Berkeley National Laboratory; Miquel
Salmeron, Lawrence Berkeley National Laboratory; Ron Shen, University of California Berkeley; Patrick
Soukiassian, CEA/Saclay (France); Lou Terminello, Lawrence Livermore National Laborarory; Baylor
Triplett, Intel Corporaton; Peter Weightman, University of Liverpool {United Kingdom); Jory Yarmoff,
University of California Riverside.

(6) Environmental and Earth Sciences
Chair: Gordon E. Brown, Jr., Stanford University

Facilitators: David Shuh and Geraldine Lamble, Lawrence Berkeley National Laboratory
Technical Advisors: Alastair MacDowell and Eddie Moler, Lawrence Berkeley National Laboratory
Technical Writer: John Hules, Lawrence Berkeley National Laboratory

Working-group members: Ilham Al Mahamid, Lawrence Berkeley National Laboratory; John Bargar,
Stanford Linear Accelerator Center; Sally Benson, Lawrence Berkeley National Laboratory; Paul
Bertsch, University of Georgia; Sharon Borglin, Lawrence Berkeley National Laboracory; Susan
Carroll, Lawrence Livermore National Laboratory; Scott Chambers, Pacific Northwest National
Laboratory; Sing-Foong Cheah, University of California Berkeley; Dave Clark, Los Alamos National
Laboratory; George Cody, The Carnegie Institution; Steve Colson, Pacific Northwest National
Laboratory; Harvey Doner, University of California Berkeley; Norman Edelstein, Lawrence Berkeley
National Laboratory; Ben Feinberg, Lawrence Berkeley National Laboratory; Danield Grolimund,;
Roland Hirsch, U.S. Department of Energy; Chris Jacobsen, State University of New York Stony
Brook; Keith Jackson, Lawrence Berkeley National Laboratory; Tom Kendelewicz, Stanford Univer-
sity; Eric Kneedler, University of Wisconsin Milwaukee; Gary Krebs, Lawrence Berkeley National
Laboratory; Alastair MacDowell, Lawrence Berkeley Narional Laboratory; Robert Marianelli, U.S.
Department of Energy; Eddie Moler, Lawrence Berkeley National Laboratory; Paulo Monteiro, University
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of California, Berkeley; Satish Myneni, Lawrence Berkeley National Laboratory; George Redden, Stanford
University; Donald Reed, Argonne National Laboratory; Joerg Rothe, Lawrence Berkeley National
Laboratory; Hans Ruppert, Stanford University; Dale Sayers, North Carolina State University; Roland
Schulze, Los Alamos National Laboratory; Paul Smith, U.S. Department of Energy; Lynda Soderholm,
Argonne National Laboratory; Don Sparks, University of Delaware; Jeff Terry, Los Alamos National
Laboratory; Albert Thompson, Lawrence Berkeley National Laboratory; Tetsu Tokunaga, Lawrence
Berkeley National Laboratory; Brian Tonner, University of Wisconsin Milwaukee; Sam Traina, Ohio State
University; N. Ulagappan, Lawrence Berkeley National Laboratory; Stephen Wasserman, Argonne
National Laboratory; Glenn Waychunas, Lawrence Berkeley National Laboratory; Eric Ziegler, Lawrence
Berkeley National Laboratory.

{7) Biosciences
Chair: Graham Fleming, University of California, Berkeley

(a) Protein Crystallography.

Facilitator: Thomas Earnest, Lawrence Berkeley National Laboratory
Technical Advisor: Carl Cork, Lawrence Berkeley National Laboratory
Technical Writer: Doug Vaughan, Lawrence Berkeley National Laboratory

Working-group members: Tom Alber, University of California Berkeley; Kristin Balder-Froid, Lawrence
Berkeley National Laboratory; Rich Bott, Genencor International; John Byrd, Lawrence Berkeley Na-
tional Laboratory; William Chang, ARACOR; Kenneth Downing, Lawrence Berkeley National Labora-
tory; Ulrich Genick, The Scripps Research Institute; Bob Glaeser, University of California Berkeley; Todd
Hansen, Lawrence Berkeley National Laboratory; Michael Hart, Brookhaven National Laberatory; Keith
Henderson, Lawrence Berkeley National Laboratory; Keith Hodgson, Stanford University, Li-Wei Hung,
Lawrence Berkeley National Laboratory; Alan Jackson, Lawrence Berkeley National Laboratory; Sung-
Hou XKim, University of California Berkeley; Thomas LeBrun, National Institute of Standards and Tech-
nology; Gerry McDermott, Lawrence Berkeley National Laboratory; Wladek Minor, University of
Virginia; Keith Moffat, University of Chicago; Harry Noller, University of California Santa Cruz; Hans
Parge, Agouron Pharmaceuticals, Inc.; Georgeanna Perdue, Lawrence Berkeley Nadonal Laboratory;
David Robin, Lawrence Berkeley National Laboratory; Bernard Santarsiero, University of California
Berkeley; Ray Stevens University of California Berkeley; Bob Stroud, University of California San Fran-
cisco; Edwin Westbrook, Argonne National Laboratory.

(b) Soft X-Ray Micrascopy:

Facilitator: Werner Meyer-llse, Lawrence Berkeley National Laboratory
Technical Advisor: Carolyn Larabell, Lawrence Berkeley Nartional Laboratory
Technical Writer: Kathryn Devereaux, Lawrence Berkeley Nadional Laboratory

Working-group members: Rod Balhorn, Lawrence Livermore National Laborarory; Jim
Barltholomew, Lawrence Berkeley National Laboratory; Mina Bissell, Lawrence Berkeley National
Laborarory; Billie Lea Cox, Lawrence Berkeley National Laboratory; Gregory Denbeaux, Lawrence
Berkeley National Laboratory; Eric Gilbert, University of California Berkeley; Malcolm Howells,
Lawrence Berkeley National Laboratory; Chris Jacobsen, Brookhaven National Laboratory; Janos
Kirz, State University of New York Stony Brook; Alexei Kuzokhtiu, Lebedev Physical Institute
(Russia); Carolyn Larabell, Lawrence Berkeley National Laboratory; Sophie Leliévre, Lawrence
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Berkeley National Laboratory; Cathie Magowan, Lawrence Berkeley National Laboratory; Wayne
McKinney, Lawrence Berkeley National Laboratory; Mario Moronne, Lawrence Berkeley National
Laboratory; Ajit Nair, Lawrence Berkeley National Laboratory; Brian Rowning, Lawrence Berkeley
National Laboratory; Giinter Schmahl, Universitit Géttingen (Germany); Gordon Vrdoljak, Univer-
sity of California Berkeley; Winbing Yun, Argonne National Laboratory.

(¢) Biological and Chemical X-Ray Spectroscopy:
Facilitator: Steve Cramer, University of California, Davis
Technical Writer: Dave Gilbert, Lawrence Berkeley Narional Laboratory

Working-group members: Uwe Bergmann, Lawrence Berkeley National Laboracory; Heinz Frei, Lawrence
Berkeley National Laboratory; Melissa Grush, University of Tennessee; Keith Hodgson, Stanford Univer-
sity; Brian Kincaid, Lawrence Berkeley National Laboratory; Melvin Klein, Lawrence Berkeley National
Laboratory; James Penner-Hahn, University of Michigan; Charles Tarrio, National Institute of Standards
and Technology; Vittal Yachandra, Lawrence Berkeley National Laboratory.

(8) AMOQ Physics

Chairs: Chris Greene, University of Colorado

Facilitators: Nora Berrah, Western Michigan University

Technical Advisors: John Bozek, Lawrence Berkeley National Laboratory
Technical Writer: Paul Preuss, Lawrence Berkeley National Laboratory

Working-group members: John Bozek, Lawrence Berkeley National Laboratory; Harald Bracuning,
Lawrence Berkeley National Laboratory; Ivan Dominguez, Lawrence Berkeley National Laboratory; Harvey
Gould, Lawrence Berkeley National Laboratory; Kerstin Gunnelin, Uppsala University (Sweden); David
Hansen, University of Nevada Las Vegas; Philip Heimann, Lawrence Betkeley National Laboratory; Oliver
Hemmers, University of Nevada Las Vegas; Duane Jaecks, University of Nebraska; Peter Langhoff, Indiana
University; Dennis Lindle, University of Nevada Las Vegas; Michael Lubell, The American Physical Society;
Dexter Massoletti, Lawrence Berkeley National Laboratory; Hiroshi Nishimura, Lawrence Berkeley National
Laboratory; Ron Phaneuf, University.of Nevada Reno; Maria Novella Piancastelli, IT University of Rome
“Tor Vergata” (Italy); Stephen Pratt, Argonne National Laboratory; Michael Prior, Lawrence Berkeley
National Laboratory; Jan-Erik Rubensson, Uppsala University (Sweden); Fred Schlachter, Lawrence Berkeley
National Laboratory; Ross Schlueter, Lawrence Berkeley National Laboratory; Volker Schmidr, University of
Freiburg (Germany); Gyorgy Snell, Lawrence Berkeley National Laboratory; Bernd Sonntag, Universitit
Hamburg (Germany); Wayne Stolte, Lawrence Betkeley National Laboratory; Darrah Thomas, Oregon
State University; Honghong Wang, Lawrence Berkeley National Laboratory; Francois Willeumier,
Université Paris-Sud (France); Linda Young, Argonne National Laboratory.

(9) Chemical Dynamics

Chairs: Paul Houston, Cornell University

Facilitators: Arthur Suits, Lawrence Berkeley National Laboratory

Technical Advisors: John Bozek, Lawrence Berkeley National Laboratory
Technical Writer: Annetrer Greiner, Lawrence Berkeley National Laboratory

Working group members: William Jackson, University of California Davis; Carl Lineberger,
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University of Colorado; Irene Nenner, Centre d'Etudes de Saclay (France); Dan Neumark, Univer-
sity of California Berkeley; Cheuk-Yiu Ng, lowa State University; Ralph Page, Lawrence Livermore
National Laboratory; Erwin Poliakoff, Lousiana State University.

(10) Members at Large

Klaus Berkner, Lawrence Berkeley National Laboratory; Pavel V. Bogdanov, Lawrence Bcrkeley
Narional Laboratory; Steve Burne, Northwestern Polytechnic University; John Carruthers, Intel
Corporation; Mike Chartock, Lawrence Berkeley National Laboratory; Patricia Dehmer, U.S.
Department of Energy; Donglai Feng, Stanford University; Dijing Huang; Zahid Husan, Stanford
University; Inuk Kang, Lawrence Berkeley National Laboratory; Ron Kolb, Lawrence Berkeley
National Laboratory; Choong Man Lee, Lawrence Berkeley National Laboratory; Rulon Linford,
University of California Office of the President; George Meitzner, Edge Analytical Inc.; Albert
Narath, Lockheed Martin Corporation; Pier Oddone, Lawrence Berkeley National Laboratory; Yves
Petroff, European Synchrotron Radiation Facility; Gerd Reichardr, BESSY (Germany); Conny Sathe,
Uppsala University (Sweden); Charles Shank, Lawrence Berkeley National Laboratory; Christine
Smith, University of California Office of the President; Neville Smith, Lawrence Berkeley National
Laboratory; Iran Thomas, U. S. Department of Energy; Robby Vogt; Zhengyu Wang, Stanford
University; Sun Weizhong, University of California Berkeley; Mervyn Wong, Northwest Pelytechnic
University; Keichi Yokoyama, University of California Berkeley; Xingjian Zhou, Lawrence Berkeley
National Laboratory.

Local Organizing Group (partial list)

Neville Smith, Advanced Light Source, Lawrence Berkeley National Laboratory (Chair)
David Attwgod, Center for X-Ray Optics, Lawrence Berkeley National Laboratory
Mina Bissell, Life Sciences Division, Lawrence Berkeley National Laboratory

Daniel Chemla, Department of Physics, University of California, Berkeley

Charles Fadley, Department of Physics, University of California, Davis

Zahid 11ussain, Advanced Light Source, Lawrence Berkeley National Laboratory

Brian Kincaid, Advanced Light Source, Lawrence Berkeley National Laboratory

Phil Ross, Materials Sciences Division, Lawrence B;rkeley National Laboratory

Fred Schlachter, Advanced Light Source, Lawrence Berkeley Nati_onal Laboratory
David Shuh, Chemical Sciences Division, Lawrence Berkeley National Laboratory
Joachim Stohr, IBM Almaden Research Center (representing the ALS Scientific Advisory Committee)

Louis Terminello, Lawrence Livermore National Laboratory (representing the ALS Users’ Executive
Commirtee}

Werner Meyer-llse, Center for X-Ray Optics, Lawrence Berkeley Narional Laboratory {representing
the ALS Users’ Executive Committee)
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List of Workshop Attendees
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San Jose State University

Harald Ade
North Carolina State University
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Lawrence Berkeley National Laboratory
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Lawrence Berkeley National Laboratory
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European Synchrotron Radiation Facility
France
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National Institute of Standards and Technology
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University of Georgia
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Lawrence Berkeley National Laboratory
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Lawrence Berkeley National Laboratory
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Genencor International
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John Byrd
Lawrence Berkeley National Laboratory
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William Chang
ARACOR
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C.T. Chen
Synchrotron Radiation Research Center
Taiwan
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Los Alamos National Laboratory
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Carnegie Institution of Washington
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University of California Berkeley

Stevenn Colson
Pacific Northwest National Laboratory
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Lawrence Berkeley National Laboratory
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University of California Davis
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National Synchrotron Light Laboratory
Brazil
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U.S. Department of Energy
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Lawrence Berkeley National Laboratory
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University of California Berkeley

Kenneth Downing
Lawrence Berkeley National Laboratory

Thomas Earnest
Lawrence Berkeley National Laboratory
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Germany
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Lawrence Berkeley National Laboratory
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Tulane University

Kwang Yong Eun
Korea Institure of Science & Technology
Korea
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University of California Davis
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University of Tokyo
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David Gilbert
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University of Michigan
Harvey Gould

Lawrence Berkeley National Laboratory
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Daniel Grolimand
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Lawrence Berkeley National Laboratory
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Uppsala University
Sweden
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Stanford University

Eugene Haller
Lawrence Berkeley National Laboratory
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University of Nevada Las Vegas

Michael Hart
Brookhaven National Laboratory
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Zahid Hasan
Stanford University
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Lawrence Berkeley National Laboratory
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University of Nevada Las Vegas
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Lawrence Berkeley National Laboratory

Victor Henrich
Yale Untversity
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Lawrence Berkeley National Laboratory

Franz Himpsel
University of Madison Wisconsin
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U.S. Department of Energy
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McMaster University
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Pennsylvania State University
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Stanford University
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Lawrence Berkeley National Laboratory
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Cornell University
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